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ABSTRACT
Lipids and proteins play important roles as energy reserves and structural components in 
organisms. Lipid and protein reserves are critical for gametogenesis in organisms. Two 
experiments were conducted to investigate the effects of PAH-adsorbed sediment on lipid 
class composition and protein content in the eastern oyster, Crassostrea virginica.
Oysters were exposed to two doses of sediment (60pg and 120pg PAHs/oyster) 
containing six PAHs: fluoranthene, pyrene, chrysene, benzo[ghi]perylene, 
benzo[a]pyrene and benzo[e]pyrene, 4x/week in Experiment 1, and 5x/week in 
Experiment 2. Oysters exposed to non-PAH adsorbed sediment served as control. Total 
lipid (TL), phospholipid (PL), sterol, triacylglycerol (TAG), wax ester (WE), free fatty 
acid (FFA) and protein content were analyzed in oyster plasma, adductor muscle (AM), 
mantle, and digestive gland (DG) (Experiment 1) or digestive diverticular (including 
gonadal) tissue (DD) (Experiment 2). Experiment 1 was conducted during the 
reproductively inactive season of oysters, while Experiment 2 was during the 
reproductively active season.
The major lipid classes in oyster tissues were sterol, PL and TAG, trace amounts 
of WE and FFA were also present. PL and sterol were found in oyster plasma. Results 
suggest that PAH-exposure modulated the oyster lipid mobilization in Experiment 1. 
While control oyster plasma TL, PL and sterol levels were relatively stable throughout 
the experiment, PAH-exposure reduced the plasma TL, PL and sterol levels after 19 days 
of exposure. Then these three lipids increased to a level similar to control at 34 days of
xvi
exposure in Dose 2 oysters and 46 days of exposure in Dose 1 oysters. However, long 
term exposure appeared to stress the oysters, and the lipid levels in both Dose 1 and 2 
oysters declined at 108 days o f exposure. Since the plasma samples analyzed in each 
treatment in Experiment 1 were aliquots from the same plasma pool, the variation 
detected was not the true variation of individual within the treatment. No significant 
change was found in plasma TL, PL and sterol contents over exposure time in 
Experiment 2, in which the oysters were reproductively active.
No general trend of changes was noticed in the lipid contents in oyster tissues and 
any significant effect of PAH-exposure was found in tissue lipid contents in either 
experiment.
No significant difference in protein contents in all plasma and tissue samples was 
observed due to PAH-exposure, except DG protein content in Experiment 1 and mantle 
protein contents in Experiment 1 and Experiment 2. PAH-exposure reduced mantle 
protein contents during early exposure time. In later samplings, oysters adjusted to the 
PAH stress, and protein levels increased. In Experiment 1, DG Dose 2 protein content 
increased at 34 days of exposure, earlier than Dose 1 oysters, which was at 46 days of 
exposure. Then the protein contents decreased in both treatments. At present, it is difficult 
to explain the change in DG protein contents in Experiment 1. These results indicated the 
PAH-exposure affected the protein metabolism in oyster mantle, not in plasma or other 
tissues.
Reproductive activities (RA) of 12.5-100% were observed in oysters in 
Experiment 2, and no relation was found between oyster RA and PAH-exposure.
xvii
Differences in oyster lipid and protein changes in the two experiments may be due to the 
difference in their reproductive status.
Overall, the results suggest that PAH-exposure may modulate the oyster lipid 
mobilization. However, this was not the case in oysters expressing reproductively 
activity. Therefore, further studies are necessary to verify the results from this study.
Lipid Class Composition o f Oysters, Crassostrea virginica, Exposed to
Sediment-associated PAHs
INTRODUCTION
3Historically, the American oyster, Crassostrea virginica has represented an important 
commercial fishery in the Chesapeake Bay. However, in the last 100 years, the oyster 
population has been reduced by an estimated 99% (Paynter & Burreson, 1991). Oysters, 
apart from being a commercially important species, are also of ecological significance. 
Resulting from their filter feeding nature (34L/hr/oyster; Galstoff, 1964), oysters can 
remove sediment, organic detritus and pollutants from the water column, potentially 
improving the water quality. It was estimated that prior to 1870, it would have taken the 
oyster population in the Chesapeake Bay three days to filter a volume of water equivalent 
to the whole bay. It would now take more than 300 days for the existing oyster population 
to filter the same volume due to the reduction of the oyster population (Newell, 1988). It 
is speculated that one of the causes of the increase in phytoplankton biomass in 
Chesapeake Bay (Newell, 1988) has been the loss of the oyster population. Oyster reefs 
also offer habitats for over 300 other species of organisms (Stanley & Sellers, 1986); 
therefore, the decrease in the oyster population may not only cause an important 
economic loss, but also have an effect on the habitats of many other organisms. Although 
diseases, caused by Perkinsus marinus (Dermo) and Haplosporidium nelsoni (MSX), and 
overfishing are considered the major reasons for the decline in oyster populations, 
pollution is also thought to be a contributing factor.
PAHs
Polycyclic aromatic hydrocarbons (PAHs) are very important pollutants in the 
environment due to human activities such as oil spills, gasoline combustion, and output
4of industrial waste. Various studies have been conducted to investigate the effects of 
PAHs on physiological and biochemical aspects of aquatic organisms. Mortality o f the 
infaunal marine amphipod, Rhepoxynius abroriius, was increased by exposure to sediment 
from some sites in Eagle Harbor, Washington, which contained high concentrations of 
PAHs (Swartz et al., 1989). It was also reported that maternal exposure of fathead 
minnows, Pimephales promelas, to anthracene reduced reproductive output and 
survivorship of eggs and fry (Hall & Oris, 1991). A decrease in melanomacrophage 
centers, an integral component o f the cellular immune system in fish, occurred when the 
flounder, Pseudopleuronectes americanus, was exposed to sediment contaminated with 
PAHs (Payne & Fancey, 1989). Impairment of defense functions may influence the 
establishment, course and the outcome of diseases in organisms. PAH- and 
polychlorinated biphenyl (PCB)-contaminated sediment significantly reduced the growth 
rate and DNA content of larval surf smelt, Hypomesus pretiosus (Misitano et al., 1994). 
Exposure also decreased the proportion of normal larval fish. It was suggested that 
suppression of growth may be due to decreased cellular division, as shown by reduction 
in DNA content. Geiger and Buikema (1982) also reported that suppression in growth 
rates and number of broods, impairment of molting, and increased abortion rates in 
Daphnia pulex (Cladocera) were related to coal-tar creosote and No.2 fuel oil which had 
significant PAH content, as well as phenanthrene alone. They speculated that PAHs 
disturbed reproductive and molting processes in D. pulex.
The Elizabeth River (ER), a subestuary of the James River in the lower
5Chesapeake Bay region, has been heavily contaminated with industrial, agricultural and 
domestic wastes (Huggett et al. 1987). It was reported to have the highest concentrations 
of PAHs of any estuary in the world (Huggett et al. 1987). Special attention has been 
focused on the Southern Branch near a former creosote wood preservation plant. Since 
creosote contains numerous PAHs at high concentrations, runoff from various wood- 
treatment facilities has caused extremely high accumulation of PAHs in sediments in this 
area (Roberts et al., 1989). Lu (1982) reported a total aromatic hydrocarbon concentration 
of 400mg/kg in the top 4.5 cm of the sediment and 13,000mg/kg at a depth between 24.5 
and 30.5cm in a 1-m ER sediment core. The most concentrated PAHs found in the ER 
sediment were: pyrene, fluoranthene, chrysene, benzofluoranthene, benzo(e)pyrene, 
benzo(a)pyrene, benzo(ghi)perylene, phenanthrene and benzo(b)fluorene. Numerous 
studies have shown that ER sediment with heavy PAH contamination has serious 
negative effects on organisms and ecosystems. Acute mortalities were observed in fish 
exposed to contaminated sediments collected from the ER (Roberts et al., 1989). Fin 
erosion, ulceration of the lateral body surface, lesions of internal organs, neoplasms, and 
lens cataract development were noticed in fishes captured from that area (Bender et al., 
1988; Hargis & Zwemer, 1988; Huggett et al., 1987; Williams et al., 1992). Huggett et 
al.(1987) also reported that the biomass, total number of individuals and abundance of 
selected fish and molluscan species were negatively correlated to the PAH contamination 
levels in the sediments of the collected sites. Laboratory studies also found that brief 
exposure of spot, Leiostomus xanthurus, to contaminated ER sediment induced many 
abnormalities, including fin and gill erosion, reduction of hematocrits, pancreatic and
liver alterations, and opacity of the eyes (Hargis et al., 1984; Huggett et al., 1987). In 
vitro experiments (Williams et al., 1992) revealed that spot eye lens cells produce 
crystalline-like bodies in response to PAH exposure, resulting in opacity of the eyes. 
Benzo[a]pyrene-7,8-dihydrodiol, the breakdown product of benzo[a]pyrene, one of the 
most common PAH in ER, inhibited the synthesis of DNA, RNA and protein in spot as 
well (Williams, 1994). Williams (1994) also noted the augmentation of cholesterol in 
lenses o f spot with cataract development. He speculated that the increased cholesterol 
level would make the lens cells more susceptible to osmotic shock.
Some investigations have examined the effects of PAHs on oysters. Field studies 
(Sami et al., 1992) indicated that exposure of the oyster, Crassostrea virginica, to a PAH 
contaminated environment reduced the major hemocyte size distribution from 6.2-10 pm 
to 2.5-5.1 pm. These changes were inducible and reversible following depuration. In vivo 
studies also demonstrated that hemocyte phagocytic ability and expression of Con A 
binding sites in the hemocytes of oyster (C. virginica) were suppressed upon exposure to 
PAH contaminated sediment (Sami et al., 1993). The consequence of the reduction of 
immunological functions was demonstrated in Chu and Hale’s study (1994), in which, 
susceptibility of the oyster, C. virginica, to Perkinsus marinus increased upon exposure to 
PAHs in a water soluble fraction derived from ER sediment.
Role of lipid
The critical importance of lipid accumulation and mobilization for gonadal
7activities in the reproductive cycle of organisms has been demonstrated in numerous 
studies (Lai & Singh, 1987; Pande et al., 1989; Lautier & Lagarrigue, 1988). The polar 
phospholipids are the major structural components of cell membranes. The neutral lipid 
components, such as wax esters and triacylglycerols (TAGs), are important energy 
reserves. Cholesterol is the precursor of many steroids in organisms, including bile acids, 
androgens, estrogens and other hormones. These compounds are essential for growth, 
maturation and reproduction (Gurr & Harwood, 1991; Lai & Singh, 1987). Cholesterol 
also plays a significant role in cell membrane permeability and equilibrium (Deuel,
1957). Therefore, the effects of toxic compounds on lipid metabolism and mobilization 
may influence many physiological processes, including reproductive potential.
In oysters, lipid content varies according to the annual reproductive cycle (Trider 
and Castell, 1980; Swift et al., 1980). Oysters de novo synthesize lipids during 
vitellogenesis in the spring at the expense of glycogen storage (Bayne et al., 1982).
Oyster lipid content increases from spring to midsummer, decreasing sharply when 
oysters spawn in summer and increasing thereafter. A close correlation between oyster 
lipid content, especially neutral lipids, and the annual reproductive cycle shows the 
important role that lipids play in oyster reproduction. In C. virginica, lipid content in eggs 
is very important during early larval development (Gallager & Mann, 1986; Chu &
Webb, 1984). Significant correlations were found between the initial egg lipid content 
and survival of oyster larvae (Gallager & Mann, 1986). A threshold lipid level in eggs is 
suggested as necessary for optimal survival through the non-feeding embryonic stages.
8The lipid rich C. virginica eggs (lipid accounts for 21% of dry weight) are characterized 
by numerous lipid droplets (Lee & Heffeman, 1991). TAGs are predominant in the lipid 
droplets, suggesting their importance in oyster embryonic development.
Some studies have investigated the effects of toxicants on lipid metabolism and 
reproduction in aquatic animals (Katti & Sathyanesan, 1984; Singh & Singh, 1980). For 
example, agro-chemical NPK fertilizer reduced total lipid and cholesterol levels during 
the spawning phase of the freshwater fish, Mystus vittatus (Pande et al., 1989). In 
addition, the mobilization of lipid and cholesterol from liver to gonads also seemed to be 
inhibited by NPK. Since exposure to NPK inhibits cholesterol mobilization to gonads, 
more phospholipids may be mobilized to substitute for cholesterol in membranes. 
Therefore, the reduction of cholesterol and total lipid content in exposed fish may affect 
the vitellogenic processes due to damage to the germinating epithelium. Tulasi et al. 
(1992) exposed the freshwater fish Anabas testudineus to a sublethal concentration of 
lead nitrate during the preparatory phase of their annual reproductive cycle. They found 
that total lipids, phospholipids, and cholesterol levels in the liver and ovary tissues 
decreased, while free fatty acid increased relative to the non-exposed fish. These results 
suggested an elevation in lipid utilization in the lead-exposed animals, since the energy 
supplied to the reproductive animal is mostly from the oxidation of fatty acids, 
breakdown products of lipids. Petroleum hydrocarbons disturbed the normal patterns of 
lipid storage, utilization and synthesis during larval development in the American lobster, 
Homarus americanus (Capuzzo et al., 1984). Decreased TAG levels, increased sterol
9levels and altered distribution of non-essential and essential fatty acids in neutral lipid 
and phospholipid pools were some of the evidence. Increased protein catabolism, delayed 
molting, and reduced growth in lobster larvae also suggested deficiency or 
immobilization of lipid reserves.
Toxic effects of PAHs on molluscan physiological processes have also been 
studied. Exposure of mussels, Mytilus edulis (Lowe, 1988), to diverse contaminants 
including PAHs, PCBs and metals both in the field and in mesocosms caused gamete 
degeneration, suggesting the reabsorption of germinal material during the stress of 
toxicant exposure. In addition to the changes in the distribution of lipid classes in the 
exposed mussels, the changes also correlated well with tissue concentrations of aromatic 
hydrocarbons and/or PCBs (Capuzzo and Leavitt, 1988). In the same study alteration in 
the mobilization of triacylglycerols to phospholipid pools, sterol turnover and reductions 
in phospholipid content in the crab, Carcinus maenas, due to toxicant exposure were also 
observed.
Moore (1988) discovered reduced lysosomal membrane stability and increased 
lysosomal and cytoplasmic unsaturated neutral lipid in both mussels, M. edulis, and 
periwinkles, Littorina littorea, with increasing concentrations of toxicants including 
PAHs, PCBs and metals in the field. Enlargement of secondary lysosomes, inversely 
correlated with lysosomal membrane stability, was also noticed in the toxicant exposed 
mussels. Laboratory study (Lowe and Pipe, 1986) revealed that exposure of mussels, M.
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edulis, to a diesel oil/seawater emulsion resulted in a significant decline in both the 
volume of storage cells and ripe gametes, as well as an increase in the level of gamete 
atresia. These effects were reversed after depuration for 53 days. It was speculated that 
nutrients in mussel that should be used for reproduction were used to compensate for the 
increased energy demand due to the chronic hydrocarbon exposure. Therefore, a negative 
effect on mussel reproduction was expected (Lowe & Pipe, 1986). A subsequent study by 
Lowe and Pipe (1987) supported the results from the previous study. By exposing 
mussels, M. edulis, to diesel oil hydrocarbons at different times of the year (which 
correlated with the nutrient condition and storage reserves in mussels), they revealed that 
mortality in mussels was correlated to the exposure initiation time. Higher mortality was 
found in mussels exposed to toxicants starting from June, a period during which they just 
finished spawning, and therefore had lower levels of nutrient reserves, than those exposed 
starting from January. This may have been due to the redistribution of nutrients from 
resorbed gametes in January-exposed mussels. The increased gamete atresia and 
resorption, and reduced storage reserves in toxicant exposed animals were also observed 
in the same study. Effects of PCBs on lipid composition in oysters was investigated by 
Madureira et al. (1993). Their study revealed that a PCB-contaminated algal diet 
decreased the total lipid level, TAG content and the adenylate energy charge (AEC) in 
oysters, C. virginica. Since TAGs are the major lipid reserve of oyster, C. angulata 
(Ferreira and Vale, 1992), this study suggested that TAGs are extensively mobilized as 
energy sources for oysters under PCB stress. However, they failed to analyze individual 
oysters, or different tissue compartments.
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Hydrophobic organic contaminants tend to accumulate in the lipids o f organisms. 
A study by Geyer et al.(l 985) showed that the bioconcentration factor (BCF) o f the 
lipophilic toxicant 1,2,4-trichlorobenzene is positively correlated to the lipid 
concentration of many fish species (rainbow trout, Salmo gairdneri; carp, Cyprinus 
carpio\ golden ide, Leuciscus idus; zebra fish, Brachidanio rerio; tilapia, Tilapia nilotica; 
guppy, Poecilia reticulata; bluegill sunfish, Lepomis macrochirus; fathead minnow, 
Pimephalespromelas). Therefore, lipid content in the animal is a determining factor for 
contaminant accumulation. Bruner et al.(1994) found that high lipid content in the pre­
spawning zebra mussel, Dreissena polymorpha resulted in a higher uptake rate for highly 
hydrophobic compounds like hexachlorobiphenyl and benzo(a)pyrene compared with the 
low lipid, post-spawning mussels. They suggested that the lipid affinity of a toxicant can 
be an indicator for bioaccumulation in mussels. Geyer et al. (1994) found a significant 
positive linear relation between the 48 hour LC50 of lipophilic chemicals, lindane (v- 
HCH) and the lipid content of fishes. This suggests that the organism's body lipids may 
serve as a protective reservoir against the toxic effects of lipophilic toxicants. However, 
when animals are starved, the lipid storage may be mobilized to meet the energy need, 
thus releasing the toxicants and affecting the animals. In addition, organisms tend to shed 
considerable amounts of toxicants through spawning, as eggs are usually lipid-rich and 
therefore are rich in lipophilic toxicants. During the hatching, when lipid is mobilized and 
utilized for embryonic development, toxicants may be released from the lipid and may 
affect the embryos and larvae. That could be the cause for the low hatching success and 
high young mortality for organisms exposed to toxicants (Castillo et al., 1994).
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Suppression of steroid sex hormone production could also be a reason for the 
negative effects of toxicants on the reproduction of organisms (Johnson et al., 1988; 
Casillas et al., 1991). For example, exposure to PAH- and PCB-contaminated areas 
significantly suppressed the gonadal development in female English sole, Parophrys 
vetulus. The gonadal development in fish was negatively correlated to plasma estradiol 
levels. Lee’s (1993) study on the blue crab, Callinectes sapidus, suggested that toxicants 
can affect reproduction by interfering with the synthesis and assembly of lipovitellins. 
Lipovitellin is a high-density lipoprotein that accounts for 80% to 90% of the protein of 
the developing oocyte, and provides protein and lipid for the developing embryo. 
Toxicants such as CuS04, ZnS04, cadmium and Aroclor 1254 (a PCB mixture) have been 
demonstrated to have negative effects on antioxidant enzyme activities, thus increasing 
the formation of activated oxygen radicals (Radi & Matkovics, 1988; Stacey & Kappus, 
1982; Thomas & Wofford, 1993; Wenning et al., 1988). The activated oxygen radicals 
like superoxide anion, hydrogen peroxide and hydroxyl ion, can enhance the peroxidation 
of unsaturated fatty acids in membrane phospholipids, as well as membrane protein 
structure deformation through cross-linkage and cleavage of branches. This may disrupt 
membranes or impair their activities, such as active and passive transport. Increased lipid 
peroxidation in toxicant exposed organisms may indirectly suppress their reproductive 
activities, because the highly reactive free radicals produced in the process of 
peroxidation are very harmful to cells and tissues (Ribera et al., 1991). Previous studies 
demonstrated that PAHs, such as benzo[a]pyrene, can form DNA adducts, and therefore
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cause DNA damage and disturb normal gene expression (Venier & Canova, 1996). Since 
most o f the gene expression products are important enzymes regulating normal 
metabolism and development of organisms, the disturbance could induce abnormality in 
organisms in many biological aspects.
Due to their lipophilic nature, PAHs need to be converted to more water-soluble 
metabolites to facilitate elimination from the organisms. Cytochrome P-450 mediated 
mixed-function oxygenase (MFO) systems are very important systems for metabolizing 
PAHs (Lee, 1981). Studies showed that cytochrome P-450 content and MFO activity are 
highest in mammals followed by fish, insects and marine invertebrates (Lee, 1981). 
Although the MFO systems were detected in molluscs, such as C. gigas and M. edulis 
(Schlenk & Buhler, 1989; Suteau et al., 1988), the activity of these systems are very low, 
indicating that oysters do not possess very efficient systems to metabolize the PAHs. 
Because oysters lack efficient systems to eliminate PAHs from their body, PAHs tend to 
accumulate in the lipid depots of oysters, and therefore may impact lipid metabolism, 
subsequently impairing their reproductive capability, and decreasing progeny survival.
Despite the extensive studies of the effects of PAHs on many aspects of various 
organisms, including oysters, no study has been done on the effects of PAHs on lipid 
metabolism in oysters. PAHs, especially the high molecular weight ones, are highly 
lipophilic, and tend to sorb to sediment particles. Oysters can accumulate lipophilic 
contaminants easily because of their filter feeding habits. Lipids undergo rapid
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breakdown, resynthesis, and interconversion in response to external and internal stimuli. 
Lipid metabolism is a very dynamic process in which metabolic pathways interact with 
each other. Therefore, impacts on any of these pathways may significantly affect the 
outcome of the metabolic process (either catabolic, anabolic or both). In this study, I 
investigated the effects of sediment-associated PAHs on lipid class composition in 
oysters, since any change on lipid class composition due to exposure could be a reflection 
of metabolic shift in lipids.
Proteins are important structural components in organisms, approximately 40- 
50% of egg dry weight in oyster C. virginica is protein (Lee & Heffeman, 1991). 
Therefore, protein content is very important for larval development. In the bay scallop 
Argopecten irradians, a significant amount of the protein reserves was mobilized from 
adductor muscle for gonadogenesis (Epp et al., 1988). Studies showed that under stress, 
organisms tended to use their protein reserve as an energy source. For example, adductor 
muscle protein in bay scallop contributed 63-66% of the total energy loss during 
overwintering stress (Epp et al., 1988). Increased protein catabolism was also observed in 
the larval lobster, Homarus americanus, upon exposure to crude oil (Capuzzo et al.,
1984). Therefore, any effects of PAH-exposure on protein content could affect the 
reproductive potential of oysters. As a consequence, the protein content of oysters was 
also analyzed in these two experiments.
OBJECTIVE AND SIGNIFICANCE
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This research examined whether PAH exposure modulated the oyster lipid class 
composition and protein contents in different tissue compartments. Results from this 
study will provide a better understanding of the potential influences that PAHs may have 
on oyster reproduction. In addition, the results of this study can be related to the 
bioaccumulation of PAHs in the oysters, to reveal the relation between PAH 
bioaccumulation and lipid concentration, as well as lipid class compositions.
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NULL HYPOTHESIS TO BE TESTED
Main null hypotheses: Exposure to sediment-associated PAHs has no effect on the 
biochemical composition (lipid content, lipid class composition and protein content) of 
the oyster, Crassostrea virginica.
Secondary null hypotheses 1: Exposure to different PAH concentrations has no 
effect on the biochemical composition of oysters.
Secondary null hypotheses 2: The duration of PAH exposure has no effect on the 
biochemical composition of oysters.
MATERIALS AND METHODS
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Preparation of sediment:
Reference site sediment was used to prepare artificially contaminated sediments 
for use in the following experiments. The reference site is Lynn Lake, a fresh water lake 
in New Kent County, Virginia. Sediments were sieved with tap water to produce 45 pm to 
75 pm sized particles. A standard solution, in acetone, of the following PAHs 
(lOOpg/ml/PAH) was used to prepare artificial PAH contaminated sediments: 
fluoranthene, pyrene, chrysene, benzo [e] pyrene, benzo [a] pyrene and benzo [ghi] 
perylene. The study focused on high molecular weight PAHs, for which concentrations 
are very high in the ER. In Experiment 1, PAH spiked sediment was prepared by mixing 
the sediment with the above PAH solution (0.2ml PAH solution per gram wet sediment). 
Acetone was removed by evaporation under nitrogen. The final sediment PAH 
concentration was 120pg total PAHs/g wet sediment. Control sediment was prepared by 
mixing the sediment with acetone only. In Experiment 2, toxic sediment Dose 1 was 
prepared by mixing sediment with aliquots of the PAH solution and acetone (0.1ml PAH 
solution + 0.1ml acetone/g wet sediment); toxic sediment Dose 2 was prepared by mixing 
sediment with only the PAH solution (0.2ml PAH solution/g wet sediment). The final 
PAH concentrations in Dose 1 and Dose 2 sediment were 60 and 120pg total PAHs/g wet 
sediment, respectively. Lu (1982) reported PAH concentrations of 400ug/g to 13,000pg/g 
(dry sediment) in a sediment core at one of the most contaminated spots in ER. Besides 
the six PAHs used in this study, additional PAHs were detected. Since the dry weight was
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around 15% of the wet sediment used in this study, the PAH concentrations for each PAH 
used in my study were similar to the PAH concentrations detected in the most 
contaminated areas in ER.
Oysters
C. virginica oysters were purchased from Mook Sea Farm (Maine) for the 
experiments. To date, no P. marinus infection has been detected in the oysters collected 
from this area. Oysters were acclimated to 20-21°C in 1pm filtered York River Water 
(FYRW) for a month and fed algal paste at 0.2g/oyster/day. Because disease infections in 
oysters may influence the results of the experiments, before the start of the experiment,
20 oysters were randomly selected, sacrificed and examined for possible P. marinus 
infection. Negative results were obtained.
Experiment 1.
This experiment was designed to test the effect of PAHs on oyster immunological 
aspects (chemiluminescence, phagocytosis, chemotaxis), susceptibility to P. marinus, 
condition index, hemocyte DNA and RNA levels, as well as the lipid class composition 
in oysters. My thesis work utilized the same experimental animals to examine the effect 
of PAHs on lipid content, lipid class composition and protein content in oysters. The 
immunological aspects were handled by other investigators.
Oysters (360) in individual containers (1.8 liter) were randomly divided into three
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treatments, each consisting of 120 oysters: 1) sediment control, oysters were fed non 
PAH-sorbed sediment (lg/oyster); 2) toxic sediment Dose 1, oysters were fed sediment at 
60|ag PAHs/oyster (0.5g non-toxic sediment +~0.5g PAH-sorbed sediment/oyster), and 3) 
toxic sediment Dose 2, oysters were fed PAH-sorbed sediment at 120pg PAHs/oyster ( lg  
sediment/oyster). Oysters were fed sediment four times a week, water was changed three 
times a week, and oysters were fed daily with algal paste (0.2g/oyster). On days when the 
water was changed, sediment and algal paste were supplied after the water was changed. 
The time schedule of sediment-feeding, water-changing and diet-feeding in oysters is 
shown in TABLE la.
After 19, 34, 46, and 108 days of exposure, five oysters from sediment control, 
toxic sediment Dose 1 and toxic sediment Dose 2 were randomly sampled for lipid and 
protein analysis. The remaining oysters were used for other tests. Individual oysters were 
bled, hemolymph from the same treatment was pooled (N= 14-24). Then, plasma and 
hemocytes were separated by centrifugation at 500 rpm for 10 minutes at 4°C. The 
samplings were always conducted on days following sediment feeding. Digestive gland, 
mantle and gill, and adductor muscle were excised. Lipid was extracted from the plasma 
samples (pooled for each treatment) and tissue samples (individual oysters), and lipid 
class composition determined.
Experiment 2.
Based on the results from Experiment 1, the second experiment was carried out as
20
follows: ninety oysters, maintained individually in 1.8 liter containers, were randomly 
divided into three treatments, each treatment consisting of 30 oysters: sediment control 
(0|ig PAHs/oyster), toxic sediment Dose 1 (60]ig PAHs/oyster) and toxic sediment Dose 
2 (120jj.g PAHs/oyster). Oysters were fed with sediment (lg/oyster) five days a week, 
water was changed three times a week, and oysters were fed with algal paste daily 
(0.2g/oyster). As in Experiment 1, on days when the water was changed, sediment and 
algal paste were supplied after the water was changed in Experiment 2. The time schedule 
for oyster sediment-feeding, water-changing and diet-feeding is shown in Table lb. The 
samplings were always conducted on days following sediment feeding.
Initial samples (15 oysters) were taken the day before PAH exposure started, 
oysters were randomly divided into three groups to represent the three treatments. Oysters 
from each treatment (eight oysters at 10, 21, 40 days, and six at 61 days of PAH- 
exposure) were randomly selected and processed for lipid and protein analyses, as in 
Experiment 1, except the gonad was not separated from the digestive gland in Experiment 
2. However, in Experiment 2, the oyster hemolymph was sampled and processed 
individually.
Lipid Analyses
Total lipid in oyster tissue and plasma was extracted according to a modification 
o f the procedure of Bligh and Dyer (1959). Total lipid in plasma was extracted twice with 
chloroform and methanol according to the ratio chloroform:methanol:plasma (2:2:1,
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v/v/v). In Experiment 1, three aliquots of plasma were taken from the pooled plasma and 
analyzed. For the tissue samples, a portion of the tissue (0.2-0.4g) was excised, 
homogenized and extracted with chloroformimethanol (1:2, v/v) and again with 
chloroformimethanol (2:1, v/v). The chloroform and methanol from both extractions were 
pooled, and distilled water was added to the mixture to yield a biphasic system with the 
final ratio of chloroformimethanol‘.water (2:2:1, v/v/v). After the methanol and water 
layer was discarded, the chloroform was evaporated under a nitrogen stream in a 40°C 
water bath and the total lipid in the samples concentrated in chloroformimethanol (1:1, 
v/v). In order to better evaluate the actual lipid content in tissue samples, the whole tissue 
compartments from Experiment 2 were homogenized and sonicated in distilled water.
Two ml of the homogenate were extracted twice with chloroform and methanol according 
to the ratio chloroformimethanol:water (2:2:1, v/v/v). Chloroform from both extractions 
was saved and evaporated under nitrogen in a 40°C water bath, and the total lipid in the 
samples concentrated in chloroformimethanol (1:1, v/v). In order to test the lipid 
extraction efficiency, cetyl alcohol was used as an internal standard in Experiment 2.
Lipid classes were separated on silica gel rods according to Olsen and Henderson (1989), 
and analyzed using an Iatroscan TH 10 (Mark III, Iatron Laboratories Inc. Tokyo, Japan). 
One pi of concentrated sample with 1-10 pg lipid was spotted on a rod and developed for 
50 minutes in a mixture of hexane:diethyl ether: acetic acid (85:15:0.04, v/v/v) to 
separate the neutral lipid classes. Quantification was done using purified lipid standards 
(cholesterol, phosphatidylcholine, triolein, cetyl oleate and oleic acid). A typical 
chromatogram of the six lipid standards is shown in Fig 1. Total lipid concentrations were
summations of lipid concentrations o f the lipid classes detected.
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Reproductive activity examination
Because Experiment 2 was conducted during the season when oysters were 
reproductively active, oysters were also examined for reproductive products (eggs, 
sperms). A smear of gonadal tissue from each oyster was taken for microscopic 
examination qualitatively. Oysters with mature or immature eggs or sperms were 
considered reproductively active.
Protein Analysis
The protein content in both plasma and tissue samples was analyzed. In 
Experiment 1, three aliquots of the plasma sample were taken from the pooled plasma 
and analyzed. For tissue samples, 2ml IN NaOH was mixed with the 50-100mg of tissue 
taken from each sample, and incubated at 40°C for 24 hours before analysis. For tissue 
samples in Experiment 2, 200pl (mantle and gill, and digestive diverticular gland/gonad) 
or 500pi (adductor muscle) homogenate was mixed with NaOH to produce a final NaOH 
concentration of IN (2ml). Mixtures were incubated at 40°C for 24 hours before analysis. 
The protein concentrations in plasma samples and the incubated tissue-NaOH mixtures 
were measured spectrophotometrically according to Lowry et al. (1951) using bovine 
albumin as a calibration standard.
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Condition Index
In Experiment 1, condition index (Cl), which indicates the physiological 
condition of oysters was calculated according fo the equation: Cl = (tissue dry 
weight/shell dry weight)* 100. Oyster tissue and shell dry weights were obtained by oven 
drying the separated tissue and shells at 65°C for 48 hours. The oysters used for Cl 
analysis in Experiment 1 were not the oysters used for lipid analysis, but additional 
oysters from the same treatment (N=9-19). The relative condition index (RCI) for oysters 
in Experiment 2 was calculated as: RCI = (tissue wet weight/whole oyster wet 
weight)* 100, because the same oysters were also used for lipid analysis.
STATISTICAL ANALYSIS
Two factor analysis of variance (two way ANOVA) was first used to determine 
differences in lipid or protein concentrations in tissues and plasma of oysters exposed to 
different doses of PAHs and at different PAH-exposure times. However, since the 
treatment effects were variable over the exposure time, there were significant interaction 
effects in two way ANOVAs. Also, use of one way ANOVAs increased the power of the 
tests, therefore, one factor analysis of variance (one way ANOVA) was used to determine 
differences in lipid and protein concentrations in oysters among treatments in each 
sampling. One way ANOVA was also used to test the differences in lipid and protein 
concentrations in oysters from the same treatment over exposure time. A multiple 
comparison test (Tukey) was used to determine differences among treatment and
24
sampling means. Only results from the one way ANOVAs and the Tukey tests are 
reported in this thesis. Results were deemed significant at p^O.05.
RESULTS
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Lipids
The major lipid classes found in oyster tissues were sterols, phospholipids (PL) 
and triacylglycerols (TAG). Trace amounts of wax esters (WE) and free fatty acids (FFA) 
were also present. Only sterols and PL were detected in plasma samples.
Experiment 1 
Plasma
While the plasma total lipid (TL), sterol and PL contents in PAH-exposed oysters 
changed with exposure time, they were relatively constant in the control oysters (Figs 2- 
4). The patterns of changes in lipid classes varied between Dose 1 and Dose 2 oysters.
TL and sterols in Dose 2 oysters increased from 19 to 34 days after PAH-exposure started 
(AES). TL, PL and sterol levels in Dose 1 oysters increased from 34 to 46 days AES. 
Between 46 and 108 days AES, all three lipid components in both Dose 1 and Dose 2 
oysters decreased. Overall, TL, PL and sterol levels in Dose 2 exposed oysters increased 
to the highest levels at 34 days AES, however, these components in Dose 1 exposed 
oysters did not reach the highest levels until 46 days AES.
At 19 days AES, TL levels in control oysters were higher than Dose 1 and Dose 2 
oysters. TL level in Dose 2 oysters was also higher than Dose 1 oysters. Both control and 
Dose 2 oysters had more PL than Dose 1 oysters at 19 days AES. Plasma sterol content in
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control oysters was higher than Dose 1 oysters in the same sampling (19 days AES). The 
sterol content in Dose 2 oysters was higher than in Dose 1 oysters at 34 days AES.
Adductor Muscle
No significant difference was found in TL, PL and sterol concentrations among 
treatments and samplings in oyster adductor muscle (Table 2 & Figs 5- 7).
Digestive Gland (DG)
No significant variation in TL was detected in Dose 1 and Dose 2 oysters among 
the four samplings, only TL in control oysters decreased significantly from 46 to 108 
days AES (Fig 8). No significant difference in TL was found among treatments in the 
first three samplings (19, 34 and 46 days of exposure), while TL content in Dose 1 
oysters was significantly higher than Dose 2 and control oysters at 108 days AES (Table 
3 & Fig 8).
No significant difference in digestive gland PL contents was found among 
samplings in all treatments except at 46 days AES when the PL content in Dose 1 oysters 
was significantly higher than Dose 2 oysters (Table 3 & Fig 9).
The sterol level in Dose 2 oysters was relatively stable throughout the experiment, 
whereas the sterol contents in control oysters decreased significantly from 34 days to 108 
days AES (Table 3 & Fig 10). The sterol content in Dose 1 oysters increased significantly
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between 19 and 34 days AES, and then decreased as the experiment progressed (p<0.05). 
Control oysters had significantly higher sterol level than Dose 2 oysters at 34 days AES. 
At 46 days AES, there was significantly higher sterol content in Dose 1 oysters than Dose 
2 and control oyster.
There was no significant difference in digestive gland TAG contents between 
samplings in control and Dose 1 oysters (Table 3 & Fig 11). Significant reduction in 
TAG content was found, however, from 46 to 108 days AES in Dose 2 oysters. No 
significant difference in TAG levels was detected among treatments in all the samplings 
except in the last one (108 days AES). Here, Dose 1 oysters had significantly higher TAG 
content than Dose 2 oysters.
Mantle
Oyster mantle TL contents were not significantly different among samplings in 
any of the three treatments throughout the experiment (Table 4 & Fig 12). There was no 
significant change in PL between samplings in Dose 1 and Dose 2 oysters (Table 4 & Fig 
13) over exposure time. The PL content in control oysters significantly decreased from 34 
to 46 days AES. At 34 days after PAH-exposure started, significantly higher TL and PL 
levels were found in mantle tissue from control oysters than in Dose 1 oysters.
Sterol contents were not significantly different among samplings in any of the 
three treatments throughout the experiment (Table 4 & Fig 14). At the end of the
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experiment, Dose 2 oysters had significantly higher sterol content than Dose 1 oysters.
No significant difference among samplings was found in mantle TAG contents in 
control and Dose 1 oysters, or among treatments in all samplings (Table 4 & Fig 15).
The TAG content in Dose 2 oysters, however, significantly increased from 34 to 46 days 
AES and then significantly decreased at 108 days AES.
Experiment 2 
Plasma
In Experiment 2, the lipid concentrations reported for plasma and tissue samples 
were corrected for recovery. The total lipid concentrations were the summation of all the 
lipid classes. The recovery rates in plasma, which were the ratios of internal standard 
detected in samples relative to the initial amounts added to those samples, were 80-100%.
No significant differences were detected in oyster plasma TL, PL and sterol 
contents among treatments in any of the samplings (Table 5 & Figs 16-18). There was no 
change in TL and PL contents among samplings in all treatments except the lipid levels in 
control oysters from initial sampling (Day 0).These were significantly lower than those 
from first sampling (Day 10). The sterol contents in control and Dose 1 oysters also had 
no significant change among samplings. However, a significant increase in plasma sterol 
content was observed from 10 to 61 days AES, and also from 21 to 61 days AES in Dose 
2 oysters.
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Adductor Muscle
The recovery rates for the internal standard in adductor muscle samples were 85- 
110%. Adductor muscle TL and PL content in Dose 1 oysters did not change significantly 
between samplings throughout the experiment (Table 6 & Figs 19-20). However, TL and 
PL in control oysters from initial sampling were significantly lower than those from first 
sampling for each of the treatments. TL and PL in the control oysters decreased 
significantly between 10-61 days AES. The lipid concentrations in Dose 2 oysters were 
significantly higher at Time 0 than at the first sampling (10 days). Control oyster TL and 
PL were significantly lower than Dose 1 and Dose 2 oysters in the initial sampling. TL 
and PL contents in Dose 2 oysters were significantly lower than control and Dose 1 
oysters at 10 days AES, and at 61 days after the exposure started, the PL level in Dose 1 
oysters was significantly higher than control oysters.
There was no significant difference in sterol and TAG contents among treatments 
in all samplings except that in the initial sampling, Dose 2 oysters had significantly 
higher sterol content than Dose 1 oysters (Table 6 & Figs 21-22). There was no 
significant change in sterol and TAG contents among samplings in all treatments 
throughout the experiment, except that the control sterol level in the initial sampling was 
the lowest, significantly lower than that from the first sampling (10 days AES). The 
initial TAG content in Dose 1 oysters was significantly higher than that from the third 
sampling (40 days AES).
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Digestive Diverticular Tissue (Including Gonadal Tissue) (DD)
In addition to WE, TAG, FFA, sterol and PL, an unidentified peak was found 
consistently on the chromatogram between WE and TAG in DD tissue samples (Fig 23). 
Recovery rates for the internal standard in DD samples were 85-100%. There were no 
significant differences in any of the DD lipid components among treatments in all 
samplings, except that Dose 1 oysters had significantly higher sterol contents than control 
oysters at 40 days AES (Table 7 & Figs 24-29).
TL content in Dose 1 and Dose 2 oysters did not change significantly among 
samplings throughout the experiment. However, TL in control oysters significantly 
decreased from 21 to 40 days AES. No significant change was observed in PL, sterol, 
TAG and WE levels among samplings in all treatments throughout the experiment. FFA 
content in control oysters significantly increased from 10 to 21 days AES, and then both 
control and Dose 2 oyster FFA contents significantly decreased from 21 to 40 days AES.
Mantle
The internal standard recoveries in mantle tissue were 90-110%. No significant 
differences were detected in TL contents among samplings in any treatments, except the 
initial control TL level was significantly higher than that from the first sampling (Table 8 
& Fig 30). Dose 1 oysters had significant higher TL content than control oysters both at 
10 and 21 days AES.
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There was no significant variation among samplings in PL contents in Dose 1 
oysters and in sterol contents in Dose 1 and Dose 2 oysters over exposure time (Table 8 
& Figs 31-32). Similar to the TL, control PL and sterol levels in initial sampling were 
significantly higher than those from first sampling (Day 10). The Dose 2 PL level 
decreased significantly from the initial sampling to 21 days AES. PL and sterol contents 
in Dose 1 oysters were significantly higher than control oysters at 10 days AES, and 
higher than both control and Dose 2 oysters at 21 days AES (P<0.05).
No significant change was noticed in TAG contents among samplings in control 
and Dose 2 oysters throughout the experiment. Neither were there significant differences 
in TAG contents among treatments in any samplings (Table 8 & Fig 33). Only TAG 
content in Dose 1 oysters decreased significantly from 21 to 61 days AES. No significant 
differences were observed in WE contents among samplings in any treatments (Table 8 & 
Fig 34). At 21 days AES, WE contents in Dose 1 oysters were significantly higher than 
both Dose 2 and control oysters. There were no significant differences in FFA contents 
among treatments in any samplings. Nor were any significant differences detected among 
samplings in FFA content in control and Dose 1 oysters (Table 8 & Fig 35). However, 
FFA content in Dose 2 oysters decreased significantly from 10 to 40 days AES.
Protein
Experiment 1
The changes of oyster protein contents in Experiment 1 are summarized in Table
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9. The protein content in plasma changed during the experiment, and the changes in all 
treatments followed a similar pattern (Fig 36). From 34 to 46 days AES, the protein level 
in all treatments tended to increase, however, only the increase in the control and Dose 1 
oysters were significant. Protein content in all treatments decreased significantly from 46 
days AES to the end of the experiment (108 days AES), with the maximum decrease in 
control oysters. At 19 days AES, both control and Dose 2 oysters had higher plasma 
protein content than Dose 1 oysters (p<0.05). The protein level in control oysters was 
significantly higher than Dose 1 oysters at 46 days AES. At the end of the experiment, 
Dose 2 and Dose 1 oysters had significantly higher protein content than control oysters.
There was also no significant difference in protein content among treatments in 
adductor muscle in any samplings (Fig 37). Except at 46 days AES, control oysters had 
higher protein content than Dose 1 oysters (p<0.05). The control oyster protein level 
increased from 34 to 108 days AES (p<0.05).
DG protein level in control oysters increased significantly from 34 to 108 days 
AES (Fig 38). Dose 1 oyster protein content increased significantly from 34 to 46 days 
AES, and decreased significantly from 46 to 108 days AES. Dose 2 oyster protein content 
increased significantly from 19 to 34 days AES and then decreased from 34 to 46 days 
AES (P<0.05). At 34 days AES, Dose 2 exposed oysters had significantly higher protein 
content than control and Dose 1 exposed oysters. However, at 46 days AES, Dose 1 
oysters had significantly higher protein content than control and Dose 2 oysters.
The mantle protein levels in control and Dose 1 oysters were quite stable 
throughout the experiment (Fig 39). However, the protein level in Dose 2 oysters 
decreased significantly from 19 to 34 days AES and increased significantly from 34 to 46 
days AES. At 34 days AES, control and Dose 1 oysters had higher protein level than 
Dose 2 oysters (p<0.05). The protein level in control oysters was also significantly higher 
than Dose 1 oysters in the same sampling. The Dose 2 and control protein levels were 
significantly higher than Dose 1 protein level at the end of the experiment.
Experiment 2
Changes of oyster protein contents in Experiment 2 are summarized in Table 10. 
No significant differences were found in plasma protein concentrations among the 
treatments in any samplings (Fig 40). There was no significant difference in protein 
content in control and Dose 1 oysters among samplings as well.
No significant difference was detected in adductor muscle protein content 
between treatments in all samplings (Fig 41). Adductor muscle protein level in control 
oysters was relatively stable throughout the experiment. The protein contents in Dose 1 
oysters increased significantly from 21 to 40 days AES. The protein content in Dose 2 
oysters changed similarly to Dose 1 oysters, decreasing from 10 to 21 days AES (p<0.05) 
and increasing from 21 to 40 days AES (p<0.05).
No significant difference was detected in DD protein contents among treatments
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in any samplings. There were no significant differences among samplings in protein 
contents in control and Dose 1 oysters (Fig 42). However, in Dose 2 exposed oysters, the 
DD protein content increased significantly from the initial sampling to 40 days AES, and 
decreased significantly at the end of the experiment (61 days AES).
Control oysters had relatively stable mantle protein content throughout the 
experiment, whereas protein content in Dose 1 oysters decreased significantly from 10 to 
21 days AES, and increased significantly from 21 to 61 days AES (Fig 43). Similarly, 
protein content in Dose 2 oysters decreased significantly from 10 to 21 days AES and 
increased significantly from 21 to 40 days AES. At 21 days AES, control oysters had 
significantly higher protein content than Dose 2 oysters. However, at the end of the 
experiment, the mantle protein content in Dose 1 oysters was significantly higher than 
Dose 2 oysters.
Reproductive Activity (RA)
Oyster reproductive activities, calculated as the percentage of reproductively 
active oysters (with immature or mature gametes), increased during the experiment 
(Table 11). At the beginning of the experiment (Day 0), no mature or immature gametes 
were found in the oysters examined (N=15) (RA=0). Observed RA activity in control 
oysters was 50% at 10 days and 21 days, 87.5% at 40 days of exposure, and 66.7% at the 
end of the experiment (61 days AES). Dose 1 oysters had 50% RA at 10 days, 12.5% at 
21 days, 87.5% at 40 days , and 100% at 61 days of exposure. The RA in Dose 2 oysters
was 25% at 10 days, 75% at 21 days, 37.5% at 40 days, and 100% at 61 days o f exposure. 
No correlation was found between lipid contents in plasma and tissues and reproductive 
activities in the oysters. Neither was a correlation observed between PAH-exposure and 
reproductive activities in the oysters.
Condition Index (Cl)
No significant difference in oyster Cl was observed among treatments in 
Experiment 1 (Table 12 & Fig 44). Throughout the exposure time, Cl in control oysters 
decreased significantly from 19 to 34 days AES, increased significantly from 34 to 46 
days AES, and decreased again from 46 to 108 days AES (p<0.05). The Cl in Dose 1 and 
Dose 2 oysters decreased along the exposure time (p<0.05). No significant difference in 
oyster relative condition index (RCI) was detected among treatments in Experiment 2. 
RCI in all treatments did not change significantly throughout the experiment (Table 12).
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TABLE 1: Time schedule for oyster maintainance in the experiments
A. Experiment 1
Mon. Tues. Wed. Thur. Fri. Sat. Sun.
Sediment 
- feeding
Yes No Yes No Yes Yes No
Water - 
changing
Yes No Yes No Yes No No
Algae - 
feeding
Yes Yes Yes Yes Yes Yes Yes
B. Experiment 2
Mon. Tues. Wed. Thur. Fri. Sat. Sun.
Sediment 
- feeding
Yes No Yes No Yes Yes Yes
Water - 
changing
Yes No Yes No Yes No No
Algae - 
feeding
Yes Yes Yes Yes Yes Yes Yes
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TABLE 2: Changes in adductor muscle lipid levels in Experiment 1
A. Among samplings
Treatment TL PL Sterol TAG
C NS NS NS ND
D 1 NS NS NS ND
D 2 NS NS NS ND
B.Among treatments
Sampling
(days)
TL PL Sterol TAG
19 NS NS NS ND
34 NS NS NS ND
46 NS NS NS ND
108 NS NS NS ND
*NS: No significant difference was detected.
*ND: No lipid was detected.
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TABLE 3: Changes in digestive gland lipid levels in Experiment 1
A. Among samplings
Treatment TL PL Sterol TAG
C SD NS SD NS
D1 NS NS SD NS
D2 NS NS NS SD
B. Among treatments
Sampling
(days)
TL PL Sterol TAG
19 NS NS NS NS
34 NS NS C » D 2 NS
46 NS D1 »  D2 D 1»D 2& C NS
108 D 1»C & D 2 NS NS D1 »  D2
*NS: No significant difference was detected.
*SD: Significant difference was detected.
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TABLE 4: Changes in mantle lipid levels in Experiment 1
A. Among samplings
Treatment TL PL Sterol TAG
C NS SD NS NS
D1 NS NS NS NS
D2 NS NS NS SD
B. Among treatments
Sampling
(days)
TL PL Sterol TAG
19 NS NS NS NS
34 C » D 1 C » D 1 NS NS
46 NS NS NS NS
108 NS NS D 2 » D 1 NS
*NS: No significant difference was detected.
*SD: Significant difference was detected.
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TABLE 5: Changes in plasma lipid levels in Experiment 2
A. Among samplings
Treat­
ment
TL PL Sterol TAG WE FFA
C SD SD SD ND ND ND
D1 NS NS NS ND ND ND
D2 NS NS SD ND ND ND
B. Among treatments
Sampling
(days)
TL PL Sterol TAG WE FFA
0 NS NS NS ND ND ND
10 NS NS NS ND ND ND
21 NS NS NS ND ND ND
40 NS NS NS ND ND ND
61 NS NS NS ND ND ND
*NS: No significant difference was detected. 
*SD: Significant difference was detected. 
*ND: No lipid was detected.
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TABLE 6: Changes in adductor muscle lipid levels in Experiment 2
A. Among samplings
Treatment TL PL Sterol TAG WE FFA
C SD SD SD NS ND ND
D1 NS NS NS SD ND ND
D2 SD SD NS NS ND ND
B. Among treatments
Sampling
(days)
TL PL Sterol TAG WE FFA
0 D1&D2
» C
D1&D2
» C
D 2»D 1 NS ND ND
10 C&D1
» D 2
C & D 1 »
D2
NS NS ND ND
21 NS NS NS NS ND ND
40 NS NS NS NS ND ND
61 NS D 1 » C NS NS ND ND
*NS: No significant difference was detected. 
*SD: Significant difference was detected. 
*ND: No lipid was detected.
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TABLE 7: Changes in lipid levels in digestive diverticula (including gonadal tissue) in
Experiment 2
A. Among samplings
Treatment TL PL Sterol TAG WE FFA
C SD NS NS NS NS SD
D1 NS NS NS NS NS NS
D2 NS NS NS NS NS SD
B. Among treatments
Sampling
(days)
TL PL Sterol TAG WE FFA
0 NS NS NS NS NS NS
10 NS NS NS NS NS NS
21 NS NS NS NS NS NS
40 NS NS D 1 » C NS NS NS
61 NS NS NS NS NS NS
*NS: No significant difference was detected.
*SD: Significant difference was detected.
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TABLE 8: Changes in mantle lipid levels in Experiment 2
A. Among samplings
Treatment TL PL Sterol TAG WE FFA
C SD SD SD NS NS NS
D1 NS NS NS SD NS NS
D2 NS SD NS NS NS SD
B. Among treatments
Sampling
(days)
TL PL Sterol TAG WE FFA
0 NS NS NS NS NS NS
10 D 1 » C D 1 » C D 1 » C NS NS NS
21 D 1 » C D 1 » C &
D2
D 1 » C &
D2
NS D 1 » C &
D2
NS
40 NS NS NS NS NS NS
61 NS NS NS NS NS NS
*NS: No significant difference was detected.
*SD: Significant difference was detected.
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TABLE 9: Changes in protein levels in Experiment 1
A, Among samplings
Treatment Plasma AM DG Mantle
C NA SD SD NS
D1 NA NS SD NS
D2 NA NS SD SD
B. Among treatments
Sampling
(days)
Plasma AM DG Mantle
19 D 2& C »D 1 NS NS NS
34 NS NS D 2»D 1& C C & D 1»D 2
46 C »D 1& D 2 C » D 1 D l »  D2&C NS
108 D 2& D 1»C NS NS D 2& C »D 1
*NA: Non-applicable due to the pseudoreplication. 
*NS: No significant difference was detected.
*SD: Significant difference was detected.
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TABLE 10: Changes in protein levels in Experiment 2
A. Among samplings
Treatment Plasma AM DD Mantle
C NS NS NS NS
D1 NS SD NS SD
D2 NS SD SD SD
B. Among treatments
Sampling
(days)
Plasma AM DD Mantle
0 NS NS NS NS
10 NS NS NS NS
21 NS NS NS C » D 2
40 NS NS NS NS
61 NS NS NS D 1 » D 2
*NS: No significant difference was detected.
*SD: Significant difference was detected.
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Table 11: Reproductive products observed in oysters after PAH exposure (days):
Treat- \ Days 0 10 21 40 60
ment (N=5) (N=8) (N=8) (N=8) (N=6)
Control RA= 0 RA= 4 RA=4 RA= 7 RA= 4
(0%) (50%) (50%) (87.5%) (66.7%)
NA= 5 NA= 4 NA= 4 NA= 1 NA= 2
(100%) (50%) (50%) (12.5%) (33.3%)
Dose 1 RA= 0 RA= 4 RA= 1 RA= 7 RA= 6
(0%) (50%) (12.5%) (87.5%) (100%)
NA= 5 NA=4 NA= 7 NA= 1 NA= 0
(100%) (50%) (87.5%) (12.5%) (0%)
Dose 2 RA= 0 RA= 2 RA= 6 RA= 3 RA= 6
(0%) (25%) (75%) (37.5%) (100%)
NA= 5 NA= 6 NA= 2 NA= 5 NA= 0
(100%) (75%) (25%) (62.5%) (0%)
*RA: Reproductively active oysters, mature or immature reproductive products were 
found in the oyster.
*NA: No reproductive products were found in the oyster.
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TABLE 12: Changes of oyster condition index (Experiment 1) or relative condition index 
(Experiment 2) in the experiments
A. Among samplings
Control Dose 1 Dose 2
Condition Index SD SD SD
Relative Condition 
Index
NS NS NS
B. Among treatments
Day 0 
Sampling
First
Sampling
Second
Sampling
Third
Sampling
Fourth
Sampling
Condition
Index
NA NS NS NS NS
Relative
Condition
Index
NS NS NS NS NS
*NS: No significant difference was detected. 
*SD: Significant difference was detected. 
*NA: No analysis was conducted.
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Figure 1. A chromatogram of the six lipid standards, x axis is the retention time of each 
lipid class from the origin, y axis is the relative percentage of each lipid class comparing 
to the highest peak. The six peaks are (from left to right): wax ester, triacylglycerol, free 
fatty acid, fatty alcohol, sterol and phospholipid.
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Figure 2. Plasma total lipid concentrations in oysters exposed to control (Opg 
PAHs/oyster), Dose 1 (60pg PAHs/oyster) and Dose 2 (120pg PAHs/oyster) PAH-sorbed 
sediment in Experiment 1. (C = control, D1 = Dose 1, D2 = Dose 2; TL = total lipid). 
Confidence intervals reflect the analytical variation for pooled samples from each 
treatment.
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Figure 3. Plasma phospholipid concentrations in oysters exposed to control, Dose 1 and 
Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard error 
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; PL = phospholipid).
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Figure 4. Plasma sterol concentrations in oysters exposed to control, Dose 1 and Dose 2 
PAH-sorbed sediment in Experiment 1. Error bar represents the standard error mean in 
each treatment. (C = control, D1 = Dosel, D2 = Dose 2).
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Figure 5. Adductor muscle total lipid concentrations in oysters exposed to control, Dose 
1 and Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard 
error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; AM = adductor 
muscle; TL = total lipid).
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Figure 6. Adductor muscle phospholipid concentrations in oysters exposed to control, 
Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the 
standard error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; AM = 
adductor muscle; PL = phospholipid).
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Figure 7. Adductor muscle sterol concentrations in oysters exposed to control, Dose 1 and 
Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard error 
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; AM = adductor muscle).
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Figure 8. Digestive gland total lipid concentrations in oysters exposed to control, Dose 1 
and Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard error 
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; DG = digestive gland; 
TL = total lipid).
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Figure 9. Digestive gland phospholipid concentrations in oysters exposed to control, Dose 
1 and Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard 
error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; DG = digestive 
gland; PL = phospholipid).
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Figure 10. Digestive gland sterol concentrations in oysters exposed to control, Dose 1 and 
Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard error 
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; DG = digestive gland).
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Figure 11. Digestive gland triacylglycerol concentrations in oysters exposed to control, 
Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the 
standard error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; DG = 
digestive gland; TAG = triacylglycerol).
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Figure 12. Mantle total lipid concentrations in oysters exposed to control, Dose 1 and Dose 
2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard error mean in 
each treatment. (C = control, D1 = Dosel, D2 = Dose 2; TL = total lipid).
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Figure 13. Mantle phospholipid concentrations in oysters oysters exposed to control, Dose
1 and Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard
error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; PL = phospholipid).
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Figure 14. Mantle sterol concentrations in oysters exposed to control, Dose 1 and Dose 2
PAH-sorbed sediment in Experiment 1. Error bar represents the standard error mean in
each treatment. (C = control, D1 = Dosel, D2 = Dose 2).
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Figure 15. Mantle triacylglycerol concentrations in oysters exposed to control, Dose 1 and 
Dose 2 PAH-sorbed sediment in Experiment 1. Error bar represents the standard error 
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; TAG = triacylglycerol).
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Figure 16. Plasma total lipid concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error mean in
each treatment (C = control, D1 = Dosel, D2 = Dose 2; TL = total lipid).
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Figure 17. Plasma phospholipid concentrations in oysters exposed to control, Dose 1 and
Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; PL = phospholipid).
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Figure 18. Plasma sterol concentrations in oysters exposed to control, Dose 1 and Dose 2
PAH-sorbed sediment in Experiment 2. Error bar represents the standard error mean in
each treatment (C = control, D1 = Dosel, D2 = Dose 2).
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Figure 19. Adductor muscle total lipid concentrations in oysters exposed to control, Dose 
1 and Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard 
error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; AM = Adductor 
muscle; TL = total lipid).
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Figure 20. Adductor muscle phospholipid concentrations in oysters exposed to control, 
Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the 
standard error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; AM = 
adductor muscle; PL = phospholipid).
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Figure 21. Adductor muscle sterol concentrations in oysters exposed to control, Dose 1
and Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error
mean in each treatment (C = control, D1 = Dosel, D2 = Dose 2; AM = adductor muscle).
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Figure 22. Adductor muscle triacylglyceroi concentrations in oysters exposed to control, 
Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the 
standard error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; AM = 
adductor muscle; TAG = triacylglyceroi).
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Figure 23. A chromatogram of the lipids detected in digestive diverticula (including 
gonadal tissue) in Experiment 2. x axis is the retention time of each lipid class, y axis is 
the relative percentage of each lipid class comparing to the highest peak. The seven peaks 
are (from left to right): wax ester, unidentified peak, triacylglyceroi, free fatty acid, fatty 
alcohol, sterol and phospholipid.
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Figure 24. Digestive diverticula (including gonadal tissue) total lipid concentrations in 
oysters exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. 
Error bar represents the standard error mean in each treatment. (C = control, D1 = Dosel, 
D2 = Dose 2; DD = digestive diverticular tissue; TL = total lipid).
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Figure 25. Digestive diverticula (including gonadal tissue) phospholipid concentrations 
in oysters exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. 
Error bar represents the standard error mean in each treatment. (C = control, D1 = D osel, 
D2 = Dose 2; DD = digestive diverticular tissue; PL = phospholipid).
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Figure 26. Digestive diverticula (including gonadal tissue) sterol concentrations in oysters 
exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. Error bar 
represents the standard error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 
2; DD = digestive diverticular tissue).
DD STEROL
I___________ i___________ i___________ i___________ i___________ i
20 0 20 40 60 80
SAMPLING (days)
74
Figure 27. Digestive diverticula (including gonadal tissue) triacylglyceroi concentrations 
in oysters exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. 
Error bar represents the standard error mean in each treatment. (C -  control, D1 = Dosel, 
D2 = Dose 2; DD = digestive diverticular tissue; TAG = triacylglyceroi).
DD TRIACYLGLYCEROL
8 06 020 4020
Sampling (days)
75
Figure 28. Digestive diverticula (including gonadal tissue) wax ester concentrations in 
oysters exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. 
Error bar represents the standard error mean in each treatment. (C = control, D1 = D osel, 
D2 = Dose 2; DD = digestive diverticular tissue; WE = wax ester).
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Figure 29. Digestive diverticula (including gonadal tissue) free fatty acid concentrations 
in oysters exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. 
Error bar represents the standard error mean in each treatment. (C = control, D1 = Dosel, 
D2 = Dose 2; DD = digestive diverticular tissue; FFA = free fatty acid).
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Figure 30. Mantle total lipid concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error mean in
each treatment. (C = control, D1 = Dosel, D2 = Dose 2; TL = total lipid).
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Figure 31. Mantle phospholipid concentrations in oysters oysters exposed to control, Dose
1 and Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard
error mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; PL = phospholipid).
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Figure 32. Mantle sterol concentrations in oysters exposed to control, Dose 1 and Dose 2
PAH-sorbed sediment in Experiment 2. Error bar represents the standard error mean in
each treatment. (C = control, D1 = Dosel, D2 = Dose 2).
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Figure 33. Mantle triacylglycerol concentrations in oysters exposed to control, Dose 1 and
Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; TAG = triacylglycerol).
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Figure 34. Mantle wax ester concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error mean in
each treatment. (C = control, D1 = Dosel, D2 = Dose 2; WE = wax ester).
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Figure 35. Mantle free fatty acid concentrations in oysters exposed to control, Dose 1 and 
Dose 2 PAH-sorbed sediment in Experiment 2. Error bar represents the standard error 
mean in each treatment. (C = control, D1 = Dosel, D2 = Dose 2; FFA = free fatty acid).
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Figure 36. Plasma protein concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 1. (C = control, D1 = Dosel, D2 = Dose 2; PROT
= protein).
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Figure 37. Adductor muscle protein concentrations in oysters exposed to control, Dose 1
and Dose 2 PAH-sorbed sediment in Experiment 1. (C = control, D1 = Dosel, D2 = Dose
2; AM = adductor muscle; PROT = protein).
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Figure 38. Digestive gland protein concentrations in oysters exposed to control, Dose 1
and Dose 2 PAH-sorbed sediment in Experiment 1. (C = control, D1 = Dosel, D2 = Dose
2; DG = digestive gland; PROT = protein).
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Figure 39. Mantle protein concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 1. (C = control, D1 = Dosel, D2 = Dose 2; PROT
= protein).
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Figure 40. Plasma protein concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 2. (C = control, D1 = Dosel, D2 = Dose 2; PROT
= protein).
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Figure 41. Adductor muscle protein concentrations in oysters exposed to control, Dose 1
and Dose 2 PAH-sorbed sediment in Experiment 2. (C = control, D1 = Dosel, D2 = Dose
2; AM = adductor muscle; PROT = protein).
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Figure 42. Digestive diverticula (including gonadal tissue) protein concentrations in
oysters exposed to control, Dose 1 and Dose 2 PAH-sorbed sediment in Experiment 2. (C
= control, D1 = Dosel, D2 = Dose 2; DD = digestive diverticular tissue; PROT = protein).
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Figure 43. Mantle protein concentrations in oysters exposed to control, Dose 1 and Dose
2 PAH-sorbed sediment in Experiment 2. (C = control, D1 = Dosel, D2 = Dose 2; PROT
= protein).
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Figure 44. Condition index in oysters exposed to control, Dose 1 and Dose 2 PAH- 
adsorbed sediment in Experiment 1. (C = control, D1 = Dosel, D2 = Dose 2).
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DISCUSSION
Previous studies (Cappuzzo & Leavitt, 1988) indicated that mussels, Mytilus 
edulis, collected along a pollution gradient (aromatic hydrocarbons, PCBs, and metals) in 
Langesundfjord, Norway had significantly elevated lipid content, lipidrprotein ratios and 
TAG concentrations in digestive gland in comparison to a reference site. The increased 
TAG levels in mussels indicated reduced mobilization of TAG into phospholipid pools. 
This could potentially influence the structure, stability and function of membranes. Similar 
results were not observed in the present study. Here, no general pattern of changes in lipid 
concentrations was observed between Experiment 1 and 2. No significant effects of PAH- 
exposure on lipid concentrations were observed in oyster tissues in either experiments or 
plasma in Experiment 2. The different results obtained from the present study and the work 
by Cappuzzo and Leavitt may be due to the different genus o f molluscs used, or different 
experimental conditions. The mussels studied were exposed to a larger number o f 
contaminants. These included low and high molecular weight PAHs, PCBs and metals 
such as copper. However, the oysters studied here were exposed to only six PAHs sorbed 
to sediment.
The absence of any significant difference in TAG contents among treatments in 
both experiments also disagreed with the results of Capuzzo et al. (1984). Capuzzo et al. 
reported that exposure of larval American lobsters, Homarus americanus, to a sublethal 
concentration of South Louisiana crude oil decreased storage and utilization of TAG,
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which is the main energy reserve in lobsters. They also found that sterol content increased 
concomitantly in the exposed animals. These data suggested that decreased mobilization 
and/or transformation of sterol into metabolic pathways had occurred.
Decreased total lipid and TAG levels were also observed in whole oysters, 
Crassostrea angulata, exposed to PCBs (Madureira et al., 1993). Levels of neutral lipids 
displayed larger differences between control and exposed oysters than polar lipid contents. 
They suggested that, under toxic stress, oysters extensively mobilized TAG as an energy 
resource. The utilization of lipid reserves in oysters indicated high energy demands under 
toxic stress o f PCBs.
Different species and toxicants were used in my experiments and may have 
contributed to the results different from previous studies. First of all, PCBs and PAHs are 
different toxicants, they have their own metabolic pathways and products in organisms and 
therefore, may have different effects on lipid metabolism in oysters. Seccond, lobster is 
crustacean, it may have some lipid metabolic pathways which are different from oyster 
which is mollusc. In addition, crude oil consists of a more diverse assemblage of 
hydrocarbons than the six PAH standards studied here.
TAG is an important energy reserve for oysters (Swift et al., 1980). However, no 
TAG was detected in oyster adductor muscle in Experiment 1, and much lower TAG levels 
were found in AM than other tissue compartments in Experiment 2 oysters. This suggests
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that adductor muscle is not an important organ for TAG storage for the oyster. This is 
different from other molluscs such as scallops, Argopecten irradians. Epp et al. (1988) 
reported that the adductor muscle is the primary protein and lipid reserve for gonadal 
development. Energy loss in the adductor muscle in scallops could potentially account for 
63 to 99% of the gonadal buildup in the spring. The detection of TAG in Experiment 2 
oysters may be because these oysters were at a reproductively active stage, and had to store 
lipids in all possible tissue compartments, including AM. Nevertheless, in both 
experiments, the highest protein content was found in AM among the three tested tissue 
compartments, indicating that oysters may store protein rather than lipids in AM.
The highest lipid contents, especially the TAG contents were found in DG of 
Experiment 1 and DD of Experiment 2, indicating that DG and DD are very important 
lipid reserves. Therefore, a slight increase or decrease due to PAH-exposure may not 
significantly change the lipid level in these compartments. The consistently higher lipid 
levels in DD in Experiment 2 than DG in Experiment 1 may be due to the inclusion of 
sexual products (gametes) in the former. Lee and Heffeman (1991) documented that lipid 
accounted for 21% of the dry weight of oocytes (eggs) in Crassostrea virginica. This was 
much higher than the lipid contents in other oyster tissues.
The significant difference in initial AM lipid contents in Experiment 2 (Fig. 19-22) 
indicated the large variability in the oyster lipid contents. The significant change in control 
oyster lipid contents along the exposure time, especially between the initial sampling and
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first sampling, indicated that there may be some other factors that had significant effects 
on the oyster lipid contents other than the PAH-exposure.
Plasma plays a very important role in the inter-organ transport of lipids in bivalves, 
including Diplodon delodotus (Pollero, 1987; Pollero & Heras, 1989). Different lipids, 
including phospholipids, sterols, free fatty acids, TAGs and other lipids are mainly carried 
by means of three plasmatic lipoproteins, low density lipoprotein (LDL), high density 
lipoprotein (HDL), and very high density lipoprotein (VHDL). Plasma TL, PL and sterol 
levels in PAH-exposed oysters at 19 days AES (Experiment 1) were lower than control 
oysters, indicating reduced lipid mobilization. This may have been due to the PAH- 
induced stress in oysters (Figs 2-4). After this point, oysters may have adapted to the stress 
caused by PAH-exposure, since the levels of TL, PL and sterol increased. However, long­
term exposure under experimental conditions stressed the oysters, causing a decrease o f 
plasma lipids in all treatments at the end of the experiment. It is speculated that the lipid 
concentrations in Dose 2 oysters may have reached their lowest levels earlier than the Dose 
1 oysters (i.e. prior to the 19 day sampling). The lipid levels detected at 19 days were 
increasing. Lipid levels in Dose 2 oysters also reached their highest point earlier than Dose 
1 oysters, at 34 days AES, vs 46 AES in Dose 1 oysters. However, no other studies have 
reported adaptation of lipid metabolism to PAH-exposure. Since the plasma samples 
analyzed in Experiment 1 were aliquots from the same plasma pool, the replicates in each 
treatment were not true treatment replicates, and the variation detected was not the true 
variation of individual oysters within the treatment.
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A similar trend was not observed in plasma lipids in Experiment 2 (Figs 16-18), 
in which no significant change was observed in TL, PL and sterol contents in any 
treatments, except the sterol content in Dose 2 oysters. The different patterns o f TL, PL 
and sterol change between Experiment 1 and 2 may be due to differences in the 
physiological conditions o f the oysters. Experiment 1 was carried out during the 
gametogenetically inactive season of oysters, while Experiment 2 was carried out during 
the active season. A range of 12.5-100% RA was found in the experimental organisms in 
the four samplings of Experiment 2. Although specific sexual product examination was 
not conducted in Experiment 1, none of the oysters in the experiment appeared visually 
to have developed sexual products present. Oysters tend to accumulate and mobilize lipids 
during gametogenesis. It has been reported that the plasma lipid levels increased during 
the gonadal developing season in other bivalves such as oyster, C. gigas (Allen & Conley, 
1982) and giant scallop, P. magellanicus (Thompson, 1977). Oyster lipid mobilization in 
Experiment 2 was much higher than Experiment 1, as shown in the higher plasma lipid 
levels in oysters in Experiment 2 (Figs 2-4 & Figs 16-18). Lack of significant changes in 
plasma lipid levels following PAH-exposure in oysters in Experiment 2 may have been 
due to the elevated lipid mobilization levels in those oysters. In Experiment 2, oyster 
reproductive activity (RA) were examined in different individuals at each sampling, 
instead of the same oysters being examined at different samplings, therefore, the difference 
o f RA among treatments and samplings could be due to the variation in RA among 
individual oysters.
9 7
No significant correlation was found between oyster Cl or RCI and lipid contents 
in oysters in either experiment. Although PAH contents in oysters were not analyzed in 
these two experiments, it was analyzed in a previous experiment with very similar 
experimental conditions as Experiment 1 (Hale, personal communication). It was found 
that the concentrations of the PAHs in Dose 2 oysters were approximately twice those in 
Dose 1 oysters, while control oysters only had trace concentrations of PAHs. These results 
indicated that, the insignificant difference in lipid contents among the treatments was not 
attributable to equal PAH body burdens.
During the early stages of exposure, the effect of PAH-exposure on AM and mantle 
protein contents in Experiment 2 and mantle protein contents in Experiment 1 appeared 
concentration-dependent. The increase o f protein levels in later samplings suggested 
potential adaption of the oysters to the stress caused by PAH-exposure, although no 
previous studies suggested adaptation of protein metabolism in oysters exposed to 
toxicants. The reduction of protein levels during the early stages of the present 
experiments, is in agreement with Capuzzo et al. (1984) on the effects of crude oil on 
larval lobsters, in which an increased dependence on protein catabolism was indicated in 
the crude oil-exposed larval lobsters. No significant PAH effect was observed in plasma 
protein levels in either experiment. It is also difficult to explain the changes in protein 
contents of DG and DD in these two experiments at present. It is speculated that these 
changes may be related to the activation and inactivation of feeding in oysters caused by 
PAH-exposure.
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In Experiment 2, oyster stored plenty of energy reserves. The animals were ready 
for gametogenesis, dr the process o f gametogenesis had already been initiated when the 
experiment started. Therefore, PAH concentrations used in the exposure experiments may 
not have been high enough to inhibit on-going gametogenesis. Due to the lipophilic nature 
of PAHs, the PAHs preferentially accumulated in the lipid-rich tissues of oysters. The lipid 
reserves may have acted as a buffer, thus preventing the PAHs from interfering with 
metabolic processes. Because oysters do not possess efficient systems to metabolize 
PAHs, the PAHs taken up by the oysters were simply stored in the lipid depots o f oyster. 
The accumulation of toxicants in lipid-rich tissue compartments may be an efficient 
mechanism to protect the oysters. However, PAHs can be transported to the gametes, the 
oocytes in particular. As indicated earlier, lipids contribute 21% of the dry weight in oyster 
eggs, and are very important for embryonic and larval development. During the embryonic 
and larval development, the lipid reserves in the gametes will be utilized, therefore making 
the PAHs bioavailable. The presence of PAHs is toxic in the gametes, and may 
subsequently influence the survival and development of oyster embryos and larvae. A 
study by Hall and Oris (1991) indicated that maternal exposure of fathead minnows, 
Pimephales promelas, to anthracene reduced the reproductive output and the survival of 
eggs and young fiy. Therefore, future studies should investigate the effects of PAHs on the 
quantity and quality of oyster reproductive products, including embryonic and larval 
survival and development.
In this study, PAH-exposure did not induce significant changes in lipid levels in
99
tissues and plasma samples in either experiment. Fatty acid composition in different lipid 
classes may be a better indicator for changes in lipid metabolism due to PAH exposure 
than lipid class composition. A study by Capuzzo et al. (1984) revealed that exposure of 
the larval lobster, Homarus americanus, to a sublethal concentration of crude oil reduced 
the ratio of non-essential fatty acids (both saturated and unsaturated) to essential fatty 
acids. Exposure also elevated the ratio of essential fatty acids to non-essential fatty acids 
in the neutral lipid pools. The change of fatty acid contents in neutral lipid indicated a 
decrease in energy reserve (non-essential fatty acids) due to the hydrocarbon exposure, and 
the reduced mobilization of essential fatty acids into phospholipid pools. The relatively 
stable fatty acid distribution in the phospholipid pools of oil-exposed larvae, suggested a 
tendency to preserve the integrity of these structural lipids. Moore's field study (1988) 
indicated that lysosomal and cytoplasmic unsaturated neutral lipid concentration increased 
in mussels exposed to PAHs, PCBs and metals. The lysosomal accumulation of 
unsaturated neutral lipid is associated with reduced membrane stability, which indicated 
increased membrane fragility in lysosomes. Farrington (1972) also suggested that, 
hydrocarbon contamination may have affected the ratio of 18:1/18:0 in Nepthys spp. by 
causing the alteration in enzymatic activities for 18:0 and/or 18:1 production. Therefore, 
fatty acid composition of different lipid classes could be a better indicator of the effects 
of PAH-exposure on lipid metabolism in oysters.
Overall, the present study indicated that sediment sorbed with a selected suite of 
PAHs with relatively high molecular weight did not induce significant changes in lipid
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content and class composition in oyster tissues and plasma as a function of exposure 
duration or doses. A decrease in plasma lipid contents was noticed in exposed oysters 
compare to the control oysters during the early stage of exposure in Experiment 1. 
However, in Experiment 1, the variations within treatments in plasma lipid contents were 
not the true treatment variations since plasma samples were pooled in each treatment for 
lipid and protein analysis.
No significant effects of PAH-exposure was observed in the protein contents in 
plasma in either experiment. It was speculated that PAH-exposure elevated DG and DD 
protein content and reduced the mantle protein content during the early stages o f exposure. 
Overall, the main null hypothesis "Exposure to sediment-associated PAHs has no effect 
on the biochemical composition (lipid content, lipid class composition and protein content) 
o f the oysters" can not be rejected. The secondary null hypotheses "Exposure to different 
PAH concentration (or the duration o f PAH exposure) has no effect on the biochemical 
composition of oysters" can not be rejected, either. Future investigations are necessary to 
verify the results from current study.
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Appendix 1: Tissue and plasma lipid and protein contents in control oysters in Experiment 
1 (Exp.l) and Experiment 2 (Exp.2) (mean ± standard error mean). Tissue lipids are in 
mg/g, plasma lipids are in |ig/ml, tissue proteins are in mg/g, and plasma proteins are in 
pg/ml. TL=total lipid, PL=phospholipid, PROT=protein, TAG=triacylglycerol, WE=wax 
ester, FFA=free fatty acid.
Exp.l Exp.2
Day
19
Day
34
Day
46
Day
108
Day
0
Day
10
Day
21
Day
41
Day
61
Plasma TL 56.85
±2.42
49.94
±7.28
56.21
±6.66
45.5± 
2.21
42.0±
15.1
104.9
±14.9
72.6±
10.1
71.4± 
11.1
98.2±
13.9
PL 47.34
±2.28
38.92
±6.2
43.47
±7.86
34.91
±1.91
36.6±
13.8
90.2±
12.3
60.29
±7.59
55.65
±7.71
72.68
±8.64
Ster
ol
9.512
±0.25
11.03
±1.17
12.74
±2.31
10.58
±0.32
4.67±
1.64
14.58
±3.33
12.29
±2.87
15.71
±3.73
25.51
±5.9
PR
OT
5.15± 
0.093
4.86±
0.24
6.34±
0.147
3.11± 
0.119
5.367
±0.49
5.434
±0.47
5.207
±0.53
5.391
±0.21
4.565
±0.52
AM TL 6.19±
0.623
5.77±
0.386
5.45±
0.317
5.26±
0.932
5.42±
0.262
7.78±
0.586
6.51± 
0.195
5.97±
0.285
5.58± 
0.911
PL 4.92±
0.529
4.42±
0.318
4.12±
0.222
4.17±
0.78
4.56±
0.222
6.24±
0.476
5.25±
0.141
4.89±
0.209
4.37±
0.655
Ster
ol
1.27±
0.127
1.20±
0.127
1.05±
0.041
1.09±
0.155
0.79±
0.047
1.25±
0:098
1.07±
0.036
1.01±
0.056
0.90±
0.143
102
TA
G —
0.072
±0.03
0.242
±0.14
0.191
±0.10
0.045
±0.5
0.207
±0.19
PR
OT
136.9
±18
123.3
±6.69
155.3
±8.1
173.7
±7.56
95.5± 
4.12
91.5±
3.58
88.4±
2.57
91.9±
3.56
79.3±
11.9
D G /
DD
TL 14.83
±1.01
21.95
±1.14
21.87
±1.88
12.22
±3.25
27.65
±1.59
28.06
±4.01
27.51
±2.41
19.49
±1.72
18.89
±1.22
PL 8.40±
1.18
8.34±
0.421
8.81±
0.594
6.72± 
1.46
9.978
±0.63
11.51
±0.88
11.04
±0.76
8.753
±0.73
9.693
±0.65
Ster
ol
2.81±
0.827
4.16±
0.568
2.05±
0.208
1.63±
0.398
1.575
±0.12
2.063
±0.18
1.842
±0.17
1.462
±0.14
1.647
±0.14
TA
G
3.63±
1.28
5.74±
1.47
8.57±
1.29
3.17±
1.68
12.82
±1.44
12.26
±3.2
10.5±
1.96
6.97± 
1.21
5.25±
1.42
WE 1.656
±0.18
1.334
±0.25
1.817
±0.25
1.375
±0.13
1.338
±0.16
FF
A
1.627
±0.06
0.906
±0.4
2.309
±0.24
0.923
±0.18
0.964
±0.28
PR
OT
83.5± 
3.64
88.62
±2.27
99.53
±2.48
105.4
±6.47
56.53
±3.06
57.68
±4.48
72.09
±6.21
67.77
±2.9
58.9± 
4.08
Mantle TL 13.24
±1.24
13.96
±1.02
12.62
±1.69
11.04
±0.71
23.08
±1.14
16.14
±1.02
15.3± 
1.51
15.23
±0.97
16.91
±2.36
PL 7.30±
0.727
9.10±
0.281
6.43±
0.219
7.77±
0.505
13.41
±1.01
9.334
±0.82
8.798
±0.89
9.743
±0.39
10.49
±0.75
1 0 3
Ster
ol
2.38±
0.405
2.46±
0.304
2.04±
0.098
1.83±
0.146
2.23±
0.087
1.69±
0.142
1.73±
0.147
1.82±
0.089
2.19±
0.174
TA
G
3.45±
0.941
2.41±
0.23
3.57±
1.08
1.19±
0.674
6.05±
0.945
3.99±
0.925
3.77±
0.952
2.57±
0.667
3.09±
0.64
WE 0.959
±0.22
0.74±
0.156
0.59±
0.123
0.64±
0..71
0.97±
0.142
FF
A
0.43±
0.153
0.37±
0.109
0.43±
0.156
0.46±
0.27
0.17± 
0.118
PR
OT
88.65
±2.77
92.6± 
11.2
102.0
±9.16
90.14
±2.77
71.3± 
3.25
71.76
±2.61
70.35
±2.6
66.39
±1.75
72.7±
2.68
1 0 4
Appendix 2: Tissue and plasma lipid and protein contents in Dose 1 (60 pg PAHs/oyster) 
oysters in Experiment 1 (Exp. 1) and Experiment 2 (Exp.2) (mean ± standard error mean). 
Tissue lipids are in mg/g, plasma lipids are in pg/ml, tissue proteins are in mg/g, and 
plasma proteins are in pg/ml. TL=total lipid, PL=phospholipid, PROT=protein, 
TAG=triacylglycerol, WE=wax ester, FFA=free fatty acid.
Exp.l Exp.2
Day
19
Day
34
Day
46
Day
108
Day
0
Day
10
Day
21
Day
41
Day
61
Plasma TL 35.44
±1.75
43.99
±3.21
65.93
±6.43
41.93
±3.97
65.9± 
11.6
101.1
±19.2
86.6±
11.2
67.9±
14.3
70.82
±10.3
PL 28.03
±1.74
34.23
±2.93
49.55
±4.6
31.8±
3.12
55.9±
10.3
87.3±
15
65.91
±8.04
56.4±
10.6
54.38
±6.82
Ster
ol
7.41±
0.079
9.76±
0.289
16.38
±1.95
10.13
±0.87
7.66±
2.29
13.83
±4.66
12.56
±1.74
11.51
±3.78
15.56
±3.05
PR
OT
4.59±
0.097
4.38±
0.147
5.23±
0.178
4.32±
0.133
4.86±
0.573
5.36±
0.303
6.00±
0.328
5.432
±.022
5.289
±0.3
AM TL 5.96±
0.178
6.04±
1.14
5.59±
0.37
5.65±
0.495
7.755
±0.77
7.573
±0.25
6.535
±0.17
7.107
±0.68
7.821
±0.56
PL 4.63±
0.285
4.74±
0.866
4.25±
0.15
4.37±
0.499
6.20±
0.533
6.04±
0.186
5.35±
0.153
5.53±
0.472
6.29±
0.45
Ster
ol
1.33±
0.15
1.30±
0.272
1.10±
0.093
1.25±
0.075
1.02±
0.076
1.13±
0:052
1.10±
0.019
1.24±
0.078
1.29±
0.105
1 0 5
TA
G
0.535
±0.27
0.281
±0.10
0.092
±0.07
0.034
±0.02
0.155
±0.08
PR
OT
146.2
±11.3
119.9
±8.44
125.6
±5.73
144.5
±8.3
90.68
±3.98
94.06
±2.72
81.94
±2.61
101.9
±4.36
92.72
±5.19
D G /
DD
TL 14.97
±3.25
19.56
±1.49
21.46
±3.15
21.99
±2.86
24.9±
1.07
25.67
±1.47
25.31
±1.13
24.95
±3.42
25.41
±3.91
PL 7.61±
1.19
7.32±
0.508
10.2±
0.724
11.4± 
1.68
10.17
±0.94
11.1± 
0.814
11.54
±0.72
12.64
±1.27
11.68
±1.52
Ster
ol
2.21±
0.371
3.92±
0.522
3.13±
0.265
2.42±
0.173
1.59±
0.148
1.70±
0.108
1.79±
0.131
2.12±
0.213
1.79±
0.231
TA
G
5.16±
1.93
4.17±
1.29
5.87±
2.55
6.85±
1.23
9.98±
0.76
9.74±
0.924
9.14±
1.04
7.99±
1.85
9.14±
2.92
WE 1.24±
0.075
1.64±
0.281
1.15± 
0.143
1.32±
0.481
1.72±
0.488
FF
A
1.92±
0.221
1.49±
0.287
1.70±
0.072
0.89±
0.361
1.08±
0.269
PR
OT
90.27
±6.01
93.18
±3.75
146.7
±3.88
94.9±
4.25
60.96
±4.59
66.38
±6.16
59.55
±3.96
81.52
±9.73
67.94
±7.48
Mantle TL 12.48
±1.19
9.22±
1.33
11.39
±1.33
10.53
±0.84
19.8±
2.55
23.96
±2.27
23.13
±1.35
19.47
±2.05
17.97
±1.72
PL 8.19±
1.04
6.37±
1.07
6.05±
0.348
7.62±
0.518
11.96
±1.17
14.5±
1.25
12.01
±0.77
11.02
±0.86
12.21
±1.25
1 0 6
Ster
ol
2.14±
0.225
1.93±
0.128
1.74±
0.235
1.58±
0.104
1.77±
0.417
2.57±
0.24
2.29±
0.151
2.202
±0.21
2.59±
0.231
TA
G
2.03±
0.64
0.86±
0.333
3.60±
1.69
1.17± 
0.601
5.09±
0.931
5.67±
1.17
7.07±
0.834
4.83±
0.992
2.05±
0.769
WE 0.64±
0.162
0.71±
0.107
1.15±
0.114
0.88±
0.179
0.85±
0.114
FF
A
0.35±
0.146
0.52±
0.11
0.62±
0.081
0.55±
0.096
0.28±
0.193
PR
OT
88.61
±6.57
71.8±
11.6
100.8
±4.83
80.83
±2.05
74.58
±1.85
74.35
±1.8
62.65
±3.12
69.79
±3.51
80.36
±2.0
1 0 7
Appendix 3: Tissue and plasma lipid and protein contents in Dose 2 (120pg PAHs/oyster) 
oysters in Experiment 1 (Exp.l) and Experiment 2 (Exp.2) (mean ± standard error mean). 
Tissue lipids are in mg/g, plasma lipids are in pg/ml, tissue proteins are in mg/g, and 
plasma proteins are in pg/ml. TL=total lipid, PL=phospholipid, PROT=protein, 
TAG=triacylglycerol, WE=wax ester, FFA=free fatty acid.
Exp.l Exp.2
Day
19
Day
34
Day
46
Day
108
Day
0
Day
10
Day
21
Day
41
Day
61
Plasma TL 47.98
±1.57
63.62
±3.53
60.43
±3.58
32.12
±4.28
53.61
±8.84
66.88
±9.01
61.28
±9.21
83.3±
12.9
95.02
±5.45
PL 39.58
±1.22
49.88
±3.23
47.77
±3.71
23.56
±3.56
43.36
±9.08
56.68
±7.22
52.31
±7.99
65.83
±9.67
71.19
±4.64
Ster
ol
8.40±
0.365
13.7±
0.294
12.66
±0.15
8.561
±0.72
5.68±
1.36
9.61±
2.14
8.11± 
1.64
17.5±
3.77
22.26
±1.86
PR
OT
5.386
±0.16
5.05±
0.144
5.60±
0.085
4.76±
0.114
4.80±
0.574
5.77±
0.215
5.02±
0.447
5.14±
0.494
3.94±
0.423
AM TL 6.08±
0.163
5.16±
0.265
5.38±
0.243
5.92±
0.706
7.84±
0.538
5.97±
0.278
6.83±
0.279
7.12±
0.469
6.95±
0.233
PL 4.87±
0.264
4.07±
0.208
4.13±
0.109
4.53±
0.586
6.19±
0.411
4.78±
0.215
5.06±
0.141
5.82±
0.375
5.66±
0.169
Ster
ol
1.21± 
0.122
1.10±
0.066
1.10±
0.074
1.39±
0.158
1.21±
0.112
1.08±
0.064
1.07±
0.037
1.15±
0.067
1.06±
0.030
1 0 8
TA
G -
0.44±
0.117
0.108
±0.06
0.327
±0.07
0.15± 
0.099
0.23±
0.085
PR
OT
133.6
±11.8
115.2
±4.43
135.0
±5.61
153.3
±13.6
86.01
±3.24
96.09
±2.65
79.1± 
2.72
95.77
±2.42
93.48
±2.48
D G /
DD
TL 17.0±
1.63
18.71
±2.9
18.62
±2.46
12.48
±1.2
24.02
±1.1
24.93
±1.72
26.17
±1.13
23.17
±1.79
20.72
±1.95
PL 8.78±
0.535
9.95±
0.922
9.08±
1.17
8.60±
0.403
9.784
±0.36
10.27
±0.62
10.46
±0.64
11.63
±1.37
10.05
±0.82
Ster
ol
2.16±
0.15
2.26±
0.274
2.088
±0.28
1.74±
0.064
1.49±
0.101
1.71±
0.09
1.72±
0.118
1.90±
0.161
1.66±
0.096
TA
G
6.11±
0.991
4.19±
1.37
7.21±
1.74
1.677
±0.65
9.75±
1.42
9.96±
1.72
10.28
1.46
7.64±
2.12
7.05±
1.49
WE 1.364
±0.05
1.19±
0.10
1.43±
0.2
1.065
±0.35
1.242
±0.15
FF
A
1.64±
0.064
1.79±
0.261
2.27±
0.229
0.93±
0.333
0.73±
0.158
PR
OT
85.33
±6.12
207.3
±16.8
110.5
±5.98
99.68
±4.53
54.73
±3.76
61.6±
2.60
66.7± 
2.37
78.55
±3.91
60.05
±3.72
Mantle TL 14.79
±1.68
12.63
±0.80
12.88
±1.05
11.8± 
1.71
21±2.
34
21.36
±0.87
17.44
±1.93
17.94
±1.28
20.2±
0.45
PL 8.25±
0.937
8.38±
0.223
6.04±
0.095
8.41±
1.4
12.17
±0.46
11.77
±0.40
9.06±
0.75
11.42
±0.86
11.74
±0.66
1 0 9
Ster
ol
2.28±
0.242
1.91±
0.119
1.78±
0.212
2.18±
0.073
2.03±
0.448
2.32±
0.087
1.60±
0.152
2.00±
0.155
2.40±
0.194
TA
G
3.82±
0.596
1.87±
0.842
5.06±
1.07
0.599
±0.38
5.32±
1.49
5.72±
0.931
5.68±
1.08
3.80±
1.14
4.46±
0.945
WE 0.83±
0.132
0.84±
0.092
0.62±
0.112
0.56±
0.187
1.16± 
0.17
FF
A
0.65±
0.143
0.70±
0.082
0.47±
0.13
0.165
±0.09
0.446
±0.11
PR
OT
79.67
±9.39
32.64
±5.2
99.5± 
3.96
90.38
±2.83
74.59
±4.46
75.65
±2.80
58.45
±1.42
72.43
±1.9
70.52
±2.88
110
LITERATURE CITED
Allen, W.V. and H. Conley. 1982. Transport o f lipids in the blood o f the Pacific oyster, 
Crassostrea gigas. Comp. Biochem. Physiol. 71B:201-207
Bayne, B.L., Bubel, A., Gabbott, P.A., Livingston, D.R., Lowe, D.M. and Moore, M.N. 1982. 
Glycogen utilization and gametogenesis in Mytilus edulis L. Mar. Biol. Lett. 3:89-105
Bender, M.E. W.J. Hargis, Jr. R J. Huggett and M.H. Roberts, Jr. 1988. Effects of polynuclear 
aromatic hydrocarbon on fishes and shellfish: An overview of research in Virginia. Mar.
Environ. Res. 24:237-241
Bligh, E.G. and W.J. Dyer. 1959. A rapid method for total lipid extraction and purification. Can. 
J. Biochem. Physiol. 37:911-917
Bruner, C.J., D.J. Randall, J.F. Neuman and R.V. Thurston. 1994. The effect of exposure to 
1,2,4,5-tetrachlorobenzene and the relationship between toxicant and oxygen uptake in rainbow 
trout (Oncorhynchus mykiss) during exercise. Environ. Toxicol. Chem. 13(11):1813-1820
Capuzzo, J.M., B.A. Lancaster and G.C. Sasaki. 1984. The effects of petroleum hydrocarbons on 
lipid metabolism and energetics o f larval development and metamorphosis in the american 
lobster (Homarus americanus Milne Edwards). Mar. Environ. Res. 14:201-228
Capuzzo, J.M. and D.F. Leavitt. 1988. Lipid composition of the digestive glands of Mytilus 
edulis and Carcinus maenas in response to pollutant gradients. Mar. Ecol. Prog. Ser. 46:139-145
Casillas, E., D. Misitano, L.L. Johnson, L.D. Rhodes, T.K. Collier, J.E. Stein, B.B. McCain and 
U. Varanasi. 1991. Inducibility of Spawning and reproductive success of female English sole 
(Parophrys vetulus) from urban and nonurban areas of Puget Sound, Washington. Mar. Environ. 
Res. 31:99-122
Castillo, L., E. Thybaud, T. Caquet and F. Ramade. 1994. Organochlorine contaminants in 
common tern {Sterna hirundo) eggs and young from the River Rhine area (France). Bull. 
Environ. Contam. Toxicol. 53:759-764
Chu, F.-L.E. and R.C. Hale. 1994. Relationship between pollution and susceptibility to infectious 
disease in the eastern oyster, Crassostrea virginica. Mar. Environ. Res. 38:243-256
Chu, F.-L.E. and K.L. Webb. 1984. Polyunsaturated and neutral lipids in developing larvae of 
the oyster Crassostrea virginica. Lipids. 19:815-820
Deuel, H.J., Jr. VIII. 1957. The metabolism o f cholesterol and related sterols in the animal body 
in lipids. III. Biochemistry, biosynthesis, oxidation, metabolism, and nutritional value, pp 361-
I l l
420. Interscience Publishers, Inc., New York
Epp, J., V.M. Bricelj and R.E. Malouf. 1988. Seasonal partitioning and utilization o f energy 
reserves in two age classes of the bay scallop Argopecten irradians irradians (Lamarck). J. Exp. 
Mar. Biol. Ecol. 121:113-136
Farrington, J.W. 1972. Benthic lipids of Narragansett Bay-fatty acids and hydrocarbons. Ph.D. 
thesis, Univeristy of Rhode Island.
Ferreira, A.M. and C. Vale. 1992. Flutuacao sazonal de PCB na ostra C. angulata\ influencia dos 
lipidos. A.R. Pires, C. Pio, C. Boia, and T. Nogueira (Eds.) Conferencia Nacional sobre a 
Qualidade do Ambiente. 1:315-324
Gallager, S.M. and R. Mann. 1986. Growth and survival of larvae of Mercenaria mercenaria (L.) 
and Crassostrea virginica (Gmelin) relative to broodstock conditioning and lipid content o f eggs. 
Aquaculture. 56:105-121
Galstof, P.S. 1964. The American oyster: Crassostrea virginica Gmelin. Fish. Bull. US. Fish and 
Wildlife Service
Geiger J.G. and A.L. Buikema Jr. 1982. Hydrocarbons depress growth and reproduction of 
Daphniapulex (Cladocera). Can. J. Fish. Aquat. Sci. 39:830-836
Geyer, H.J., I. Scheunert, R. Bruggemann. M. Mattthies, C.E.W. Steinberg, V. Zitko, A. Kettrup 
and W. Garrison. 1994. The relevanve of aquatic organisms’ lipid content to the toxicity of 
lipophilic chemicals: toxicity of lindane to different fish species. Ecotoxicol. Environ. Safe. 
28:53-70
Geyer, H., I. Scheunert and F. Korte. 1985. Relationship between the lipid content o f fish and 
their bioconcentration potential of 1,2,4-trichlorobenzene. Chemosphere 14(5):545-555
Gurr, M.I. and J.L. Harwood. 1991. Lipid biochemistry. Chapman & Hall (eds.). New York.
Hall, A.T. and J.T. Oris. 1991. Anthracene reduces reproductive potential and is maternally 
transferred during long-term exposure in fathead minnows. Aquat. Toxicol. 19:249-264
Hargis, W.J.Jr., M.H. Roberts Jr. and D.E. Zwemer. 1984. Effects of contaminated sediments 
and sediment-exposed effluent water on an estuarine fish: acute toxicity. Mar. Environ. Res. 
14:337-354
Hargis, W.J. Jr. and D.E. Zwemer. 1988. Effects of certain contaminants on eyes of several 
estuarine fishes. Mar. Environ. Res. 24:265-270. (Series A). 23:9-17
112
Huggett, R.J., M.E. Bender and M.A. Unger. 1987. Polynuclear aromatic hydrocarbons in the 
Elizabeth River, Virginia. In: Dickson K.L., Mark A.W., Brungs W. (eds.) Fate and effects o f 
sediment bound chemicals in aquatic systems, Society of Environmental Toxicology and 
Chemistry, Special Publication #2, Pergamon Press.
Johnson, L.L., E. Casillas, T.K. Collier, B.B. McCain, and U. Varanasi. 1988. Contaminant 
effects on ovarian development in English sole (.Parophrys vetulus) from Puget Sound, 
Washington. Can. J. Fish. Aquat. Sci. 45:2133-2146
Katti, S.R. and A.G. Sathyanesan. 1984. Changes in tissue lipid and cholesterol content in the 
Catfish Clarias batrachus (L.) exposed to Cadmium chloride. Bull. Environ. Contain. Toxicol. 
32:486-490
Lai, B. and T.P. Singh. 1987. Changes in tissue lipid levels in the freshwater catfish Clarias 
batrachus associated with the reproductive cycle. Fish Physiol. Biochem. 3(4): 191-201
Lai, B. and T.P. Singh. 1987. Impact o f pesticides on lipid metabolism in the freshwater catfish, 
Clarias batrachus, during the vitellogenic phase of its annual reproductive cycle. Ecotoxicol. 
Environ. Safety. 13:13-23
Lee, R.F. 1981. Mixed function oxygenases (MFO) in marine invertebrates. Mar. Biol. Lett. 
2:87-105
Lee, R.F. 1993. Passage of xenobiotics and their metabolites from hepatopancreas into ovary and 
oocytes o f blue crabs, Callinectes sapidus: possible implications for vitellogenesis. Mar.
Environ. Res. 35:181-187
Lee, R.F. and P.B. Heffeman. 1991. Lipids and proteins in eggs of eastern oysters {Crassostrea 
virginica (Gmelin, 1791)) and northern quahogs {Mercenaria mercenaria (Linnaeus, 1758)). J. 
Shell. Res. 10(l):203-206
Lowe, D.M. 1988. Alterations in cellular structure o f Mytilus edulis resulting from exposure to 
environmental contaminants under field and experimental conditions. Mar. Ecol. Prog. Ser. 
46:91-100
Lowe, D.M. and R.K. Pipe. 1986. Hydrocarbon exposure in mussels: a quantitative study o f the 
responses in the reproductive and nutrient storage cell systems. Aquatic Toxicology 8:265-272
Lowe, D.M. and R.K. Pipe. 1987. Mortality and quantitative aspects of storage cell utilization in 
mussels, Mytilus edulis, following exposure to diesel oil hydrocarbons. Mar. Environ. Res. 
22:243-251
Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randall. 1951. Protein measurement with the
113
Folin phenol reagent. J. Biol. Chem. 193:265-275
Lu, M.Z. 1982. Organic compound levels in a sediment core from the Elizabeth River of 
Virginia. M.S. Thesis. College of William and Mary, Williamsburg, VA. 157 pp.
Madureira, M.J., A.M.Picado, A.M. Ferreira, E. Mendonga, Y. Le Gal and C. Vale. 1993. PCB 
contamination in the oyster Crassostrea angulata: effects on lipids and adenylic energetic 
charge. Sci. Total Environ. Sup. 1:599-605
Misitano, D.A. E. Casillas and C. R. Haley. 1994. Effects of contaminated sediments on 
viability, length, DNA and protein content of larval Surf Smelt, Hypomesus pretiosus. Mar. 
Environ. Res. 37:1-21
Moore, M.N. 1988. Cytochemical responses of the lysosomal system and NADPH- 
ferrihemoprotein reductase in molluscan digestive cells to environmental and experimental 
exposure to xenobiotics. Mar. Ecol. Prog. Ser. 46:81-89
Newell, R.I.E. 1988. Ecological changes in Chesapeake Bay: Are they the result o f over 
harvesting the American oyster, Crassostrea virginical In: Understanding the Estuary: Advances 
in Chesapeake Bay Research. Proceedings o f a Conference. Chesapeake Research Consortium 
pub. 129, Baltimore, MD. CBP/TRS 24/88, pp. 536-546
Olsen, R.E. and R.J. Henderson. 1989. The rapid analysis of neutral and polar marine lipids 
using double-development HPTLC and scanning densitometry. J. Exp. Mar. Biol. Ecol. 129:189- 
197
Pande, R.K., A.S. Narain and S.K. Pande. 1989. Studies on the lipid contents in the gonads 
during the annual reproductive cycle of Mystus vittatus under the stress of Agro-chemical 
NPK-fertilizer. Acta Hydrochim. Hydrobiol. 17:345-348
Payne, J.F. and L.F. Fancey. 1989. Effect o f polycyclic aromatic hydrocarbons on immune 
responses in fish: Change in metanomacrophage centers in flounder (Pseudopleuronectes 
americanus) exposed to hydrocarbon-contaminated sediments. Mar. Environ. Res. 28:431-435
Paynter, K.T. and E.M. Burreson. 1991. Effects of Perkinsus marinus infection in the eastern 
oyster, Crassostrea virginica: II. Disease development and impact on the growth rate at different 
salinities. J. Shellfish. Res. 10:425-431
Pollero, R.J. 1987. Transport of cholesterol in the hemolymph of the mollusc Diplodon 
delodontus. Comp. Biochem. Physiol. 88A(3):577-580
Pollero, R.J. and H. Heras. 1989. Inter-organ hemolymphatic transport of free fatty acids, 
triacylglycerols and phospholipids in the freshwater bivalve, Diplodon delodontus. Comp.
114
Biochem. Physiol. 93A(4):673-676
Radi, A.A.R. and B. Matkovics. 1988. Effects of metal ions on the antioxidant enzyme activities, 
protein contents and lipid peroxidation o f carp tissues. Comp. Biochem. Physiol. 90C:69-72
Ribera, D., J.F. Narbonne, X. Michel, D.R. Livingstone and S. O’Hara. 1991. Responses o f 
antioxidants and lipid peroxidation in mussels to oxidative damage exposure. Comp. Biochem. 
Physiol. 100C: 177-181
Roberts, M.H. Jr., W.J. Hargis, Jr. C.J.Strobel, and P.F. De Lisle. 1989. Acute Toxicity of PAH 
contaminated sediments to the estuarine fish, Leiostomus xanthurus. Bull. Environ. Contam. 
Toxicol. 42:142-149
Sami, S., M. Faisal and R.J. Huggett. 1992. Alterations in cytometric characteristics of 
hemocytes from the American oyster exposed to a polycyclic aromatic hydrocarbon (PAH) 
contaminated environment. Mar. Biol. 113:247-252
Sami, S., M. Faisal and R. J. Huggett. 1993. Effects o f laboratory exposure to sediments 
contaminated with polycyclic aromatic hydrocarbons on the hemocytes of the American oyster 
Crassostrea virginica. Mar. Environ. Res. 35:131-135
Schlenk, D. and D.R. Buhler. 1989. Xenobiotic biotransformation in the Pacific Oyster 
(Crassostrea gigas). Comp. Biochem. Physiol. 94C(2):469-475
Singh, H. and T.P. Singh. 1980. Effect of two pesticides on total lipid and cholesterol contents of 
ovary, liver and blood serum during different phases of the annual reproductive cycle in the 
freshwater teleost Heteropneustes fosssilis (Bloch). Environ. Pollution (Series A). 23:9-17
Stacey, N.H. and H. Kappus. 1982. Cellular toxicity and lipid peroxidation in response to 
mercury. Toxicol. Appl. Pharm. 63:29-35
Stanley, J.G. and M.A. Sellers. 1986. Species profiles: Life histories and environmentall 
requirements of coastal fishes and invertebrates (Gulf of Mexico). American oyster. Biol. Rep. 
U.S. Fish Wildl. Serv. FWS-82/11.64
Suteau, P., M. Daubeze, M.L. Migaud and J.F. Narbonne. 1988. PAH-metabolizing enzymes in 
whole mussels as biochemical tests for chemical pollution monitoring. Mar. Ecol. Prog. Ser. 
46:45-49
Swartz, R.C., P.F. Kemp, D.W. Schults, G.R. Ditsworth and R.J. Ozretich. 1989. Acute toxicity 
o f sediment from Eagle harbor, Washington, to the infaunal amphipod Rhepoxynius abronius. 
Environ. Toxicol. Chem. 8:215-222
115
Swift, M.L., D. White and M.B. Ghassemieh. 1980. Distribution of neutral lipids in the tissue o f 
the oyster Crassostrea virginica. Lipids 15:129-132
Thomas, P. and H.W. Wofford. 1993. Effects of cadmium and Aroclor 1254 on lipid 
peroxidation, glutathione peroxidase activity, and selected antioxidants in Atlantic croaker 
tissues. Aquat. Toxicol. 27:159-178
Thompson, R.J. 1977. Blood chemistry, biochemical composition, and the annual reproductive 
cycle in the giant scallop, Placopecten magellanicus, from southeast Newfoundland. J. Fish. Res. 
Board Can. 34:2104-2116
Trider, D .J. and J.D. Castell. 1980. Influence of neutral lipid on seasonal variation of total lipid 
in oysters, Crassostrea virginica. Proceedings of the National Shellfisheries Association 70:112- 
118
Tulasi, S .J., P.U.M. Reddy and J.V. Ramana Rao. 1992. Accumulation of lead and effects on 
total lipids and lipid derivatives in the freshwater fish Anabas testudineus (Bloch). Ecotoxicol. 
Environ. Safety. 23:33-38
Venier, P. and S. Canova. 1996. Formation of DNA adducts in the gill tissue of Mytilus 
galloprovincialis treated with benzo[a]pyrene. Aquat. Toxicol. 34:119-133
Wenning, R.J., R.T. Di Giulio and E.P. Gallagher. 1988. Oxidant-mediated biochemical effects 
o f paraquat in the ribbed mussel, Geukensia demissa. Aquat. Toxicol. 12:157-170
Williams, C.D., M. Faisal and R. J. Huggett. 1992. Polynuclear aromatic hydrocarbons and fish 
lens cataract: effects of benzo[a]pyrene-7,8-dihydrodiol on the macromolecular synthesis of 
cultured eye cells. Mar. Environ. Res. 34:333-337
Williams, C.D. 1994. Investigations into cataract formation in sciaenid fish species from the 
Elizabeth River, Chesapeake Bay, VA. Dissertation. College of William and Mary,
Williamsburg, VA.
VITA
Bom in Qingdao, People's Republic of China, 9 August 1968. Attended Ocean University 
o f Qingdao, Qingdao, P.R. China and received a B.S in Biology in 1990. Entered M.A. 
program of the School of Marine Science, College of William and Mary in 1993 and 
successfully defended the thesis on July 31, 1996. Currently pursuing Ph. D degree in 
Program in Molecular Therapeutics and Toxicology, Emory University, Atlanta, GA.
116
